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SUMMARY 
This thesis is concerned with elucidating the problem of cell 
patterning in the cellular slime moulds, Dictyosteliwn discoidewn and 
Polysphondyliwn pallidum. Cell patterning is defined by Wolpert 
(1969) as that part of the developmental process which produces defined 
ratios of differentiated cells from an initially homogeneous aggregate 
of undifferentiated cells. The cellular slime moulds are simple 
eukaryotes in which the development of an asexual fruiting body is 
separate from vegetative growth. The fruiting body of D. discoidewn 
contains three cell types and consists of a single unbranched stalk 
with a bas~l disc, and carries a -single spore head. The fruiting 
body of P. pallidum has no basal disc and therefore consists of only 
two cell types. The stalk of the P. pallidum fruiting body carries 
whorls of branches each of which terminates in a spore head as does 
the main stalkc These organisms are useful model systems in which to 
test theories of cell patterning. 
Current theories of cell patterning are reviewed and particular 
aspects of the life cycle of D. discoidewn and P. pallidwn, relevant 
to their role as models for development, are examined. Previous 
studies of the cell proportions of the cellular slime moulds (mainly 
D. discoideum) are criticised, and the requirements of a more rigorous 
method for ascertaining the nature of cell patterning in the cellular 
slime moulds are outlined. 
It was previously believed that cell patterning did not vary 
with size. Goodwin (1971) explained that the unit of cell patterning 
must be the cell, therefore size in the context of cell patterning 
must be estimated in numbers of cells and not volume, mass or other 
measures. A method of estimating the numbers of differentiated cells 
in D. discoidewn fruiting bodies was devised. 
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The cell patterning of D. discoidewn , strain X22, under standard 
conditions (dark, 22°C) was found not to be size invariant. The numbers 
of differentiated- cells in strain X22 f"i tted· the following equations 
better than linear equations, 
N = a + b log N (1) 
sp st 
N = C + d log Nd·, (2) 
sp 
log N = e +flog Nd ( 3) 
st 
where N equals the number of spore cells, N equals the number of 
sp st 
stalk cells, Nd equals the number of basal disc cells·, and a, b, c, d, 
e, f are constants. 
Al though quantitative d _iff erences are found, the s _ame type of size 
dependent cell patterning is shown in strains M28, NP14, AX3, HU127, 
DU310 and DU162. Similarly equations (1), (2) and (3) are adhered to in 
strain X22 fruiting bodies differentiated under different environmental 
conditions (such as changes in temperature, or in the light or dark), 
although the constants a, b, c, d, e and f change. However, strain NP73, 
which is derived from a different wild-type isolate than the other 
strains tested, follows equations (1), (2) and (3) at high temperatures, 
but at lower temperatures its cell patterning is difficult to interpret. 
The variability of cell patterning,represented by the correlation 
coefficients of the relationships between the three cell types in 
D. ·discoideum,is found to be related to the average proportion of stalk cells 
in the fruiting body population irrespective of strain or conditions of 
differentiation. 
Comparison of the cell pattern~ng of haploids and isogenic diploid 
strains of D. discoideum suggests that the cell surface area may play a 
limiting role in determining cell proportions. 
The proportions of spore and stalk cells in both branched and 
unbranched fruiting bodies of P. pallidwn strain PP28S, are found to be 
size invariant . However, in the branches of branched fruiting bodies, 
the relationship between the number of spore and stalk cells is highly 
variable and not size invariant. Certain aspects of 
xii 
branch formation in strain PP28S fruiting bodies (e .• g. the number of 
cells per whorl, the position of the whorls, etc.), appear to be 
' discrete rather than continuous. This quantisation of fruiting 
body formation in strain PP28S suggests that development in this 
cellular slime mould is controlled by a pulsatory mechanism. 
In D. discoidewn, the number of stalk cells per fruiting body 
in strain NP73 , and the number of basal disc cells per fruiting body 
in strain AX3 are quantised, which suggests that certain elements of 
the control of D. discoidewn cell patterning may be pulsatory. 
xiii 
INTRODUCTION 
Cell patterning is defined by Wolpert (1969) as that part of the 
developmental process which produces defined ratios of differentiated 
cells from an initially homogeneous aggregate of undifferentiated 
cells. In the cellular slime moulds, cell patterning is a relatively 
uncomplicated process. Homogeneous vegetative amoebae aggregate 
together when their source of food is depleted, and form a simple 
fruiting body consisting of three cell types (spores, stalk and basal 
disc cells) in Dictyostelium discoidewn, and two cell types (spores 
and stalk cells) in Po'Zysphondylium paZZidum. The number of amoebae 
entering the aggregate and hence forming the fruiting body can vary 
considerably. Therefore, it is possible to examine the variation of 
cell patterning with size. This type of analysis is not feasible in 
any other organism commonly used to study development. 
Chapter 1, section 1, deals with current theories of cell 
patterning. Both gradient and wave theories are reviewed. Without 
exception, theories of cell patterning are based on the concept that 
cell patterning is size invariant. This assumption can be tested 
using the cellular slime moulds. The second section of Chapter 1 
outlines · the life cycles and taxonomic status of D. discoideum and 
P. paZZidum. Specific stages of the life cycle (aggregation, 
migration and culmination), which are pertinent to this thesis, are 
examined . 
In the first section of Chapter 2, previous work on the ratios of 
differentiated cell types in the cellular slime moulds (mainly 
D. discoideum) is discussed and the following conclusions are 
reached: (1) that the problem of cell patterning in the cellular 
slime moulds had not been satisfactorily resolved, and (2) that a 
more critical experimental approach to the problem was required. In 
Chapter 2, section 2·, a more direct method of estimating the number of 
xiv 
' 
cells in the fruiting body of D. discoidewn, and a method of analysing 
the results is presented. The nature of the 'cell patterning in 
D. discoidewn , strain X22, differentiated under standard conditions, . 
is analysed in detail and shown to conform to the equations, 
N = a +b log Nst sp , (1) 
N = C + d log Nd sp ' 
(2) 
log Nst = e + f log Nd , (3) 
where Nsp equals the number of spore cells, Nst equals the number of 
stalk cells, Nd equals the number of basal disc cells, and a, b, c, d, 
e and fare constants. 
The cell patterning of other strains of D. discoidewn is examined 
and the effect of different differentiation conditions on cell 
patterning is investigated in Chapter 3. Generally, equations (1), 
(2) and (3) are followed, despite genetic and environmental 
differences, although the values of the constants a, b, c, d, e and f 
can vary. The cell patterning of strain NP73, which is derived from a 
different wild type isolate than the other strains studied, follows 
equations (1), (2) and (3) at high temperatures, but may deviate from 
these equations at lower temperatures. It is found that the numbers 
of stalk cells in strain NP73 and the numbers of basal disc cells in 
strain AX3 are clustered around values which occur at regular 
intervals, i.e. these numbers are quantised. 
Evidence is presented which implies that the variability of cell 
patterning is correlated to the average propo~tion of stalk cells in 
the fruiting body. 
Chapter 4 examines the quantitative differences in cell 
patterning between isogenic haploids and diploids. A diploid cell has 
qualitatively the same genetic material as its isogenic haploid, but 
will differ from the haploid cell in certain respects, one of which is 
the cell surface area to volume ratio. It is argued that the 
magnitude of the difference in cell patterning between isogenic 
haploid and diploid strains implies that the cell surface to volume 
xv 
ratio is related to the difference in cell patterning, and therefore, 
that the area of t'he cell surface plays a limiting role in determining 
cell patterning. 
The spore:stalk relationship in P. paZZidwn, strain PP28S, is 
analysed in Chapter 5 and found to be size .invariant. The cell 
patterning in unbranched fruiting bodies is found to be statistically 
similar to the cell patterning in branched fruiting bodies but 
different to the spore:stalk relationship in the branches of branched 
fruiting bodies. Light affects the size of the fruiting body but 
influences cell patterning in strain PP28S to a far lesser extent than 
that in D. discoidewn, strain X22. The number of . stalk cells (a 
parameter of cell patterning) is correlated to the length of the main 
stalk (a parameter of form). The frequency distribution of the number 
of cells per branch is given. Both the number of bran·ches and the 
number of stalk cells in the main stalk are shown to be functions of 
the total cell numbers or fruiting body. It is concluded that the 
control of cell patterning in strain PP28S is intimately connected to 
the control of branching iri the fruiting body. 
Chapter 6 attempts to gain an insight into the mechanism 
controlling branch and whorl formation in strain PP28S. The number of 
stalk cells in the basal internode is shown to be a non-linear 
function of total cell number. The number of cells in the first whorl, 
the number of branches produced per whorl, and the relationship 
between the number of cells per whorl and the whorl's position are 
shown to be discontinuous. The ratio of the number of stalk cells in 
adjacent internodes is quantised. The discrete characteristics of 
whorl formation in strain PP28S suggest that a wave mechanism controls 
morphogenesis in this strain. · 
In Chapter 7, the characteristics of cell patterning in 
D. discoidewn and P. paZZidwn are compared. Evidence that the control 
of cell patterning in D. discoidewn is pulsatory is presented, and the 
wave theory of Goodwin and Cohen (1969) is applied to the cell 
patterning of D. discoidewn and P. pa Zl i dwn . 
CHAPTER 1 
THE CELLULAR SLIME MOULDS - AN EXPERIMENTAL 
SYST~M TO TEST THEORIES OF CELL PATTERNING 
"The point is that new attitudes suggest new experiments 
and new methods of investigation which are basically very 
simple" (Goodwin, 1971). 
This quote by Goodwin illustrates the interdependence of theory 
and experiment. The hypothesis suggests the experiment, the results 
of which modify or verify the theory. No experimental biologist 
carries out an experiment which is not based on a theoretical concept. 
This introductory chapter is divided into two main sections: 
(1) a review of current theories of cell patterning, and (2) the life 
cycles of D. discoidewn and P. pallidwn, with emphasis on the use of 
these cellular slime moulds in examining morphogenetic theories . 
. 1.1 THEORIES OF PATTERN FORMATION 
. Any theory of patterning must explain how genetic ·information is 
translated in embryos and regenerating systems to give specific ratios 
of differentiated cells. This requisite of patterning theories 
excludes such universal theories of topography as the "catastrophe" 
theory (Thom, 1969). This theory, whic~ may be of value in under-
standing processes such as gastrulation and neurulation, considers the 
embryo to be continuous, and not a discrete aggregate of cells, and 
therefore cannot explain how the embryo produces the ordered arrays of 
differentiated cells which constitute adult tissues. As yet there is 
no universally accepted theory of patterning. The major theories of 
patterning may be classified into two broad categories: gradient or 
continuous signal theories, and theories based on repeated signals. 
1.1.1 Gradient Theories 
Gradient theories ·of development have been proposed since the 
late nineteenth and early twentieth century (for summary see Huxley 
and de Beer, 1934; Child, 1941). The early workers noted that many 
developing systems have a dominant region and show polarity. It was 
believed that this polarity could be the expression of an underlying 
gradient of morphogenetic molecules, whose source was the dominant 
region, and which moved through the developing system by simple 
diffusion. Cells in ' the gradient were thought to behave in a 
particular way depending on the concentration of the morphogen. 
Modifications of the classical gradient theory include those of 
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Spiegelman (1945) and Rose (1957) who emphasised the inhibitory role of 
the dominant region. Many more cells have the potential to produce a 
particular region than actually do- so (illustrated by excising an area 
of tissue, which is replaced by neighbouring cells). Therefore, 
according to Spiegelman (1945) and Rose (1957), inhibition rather than 
induction is the most important role of the dominant region. Webster 
(1966) argued that a concentration gradient was inadequate to explain 
cell proportioning, and proposed a gradient theory in which the cells 
responded at threshold values to an inducer. However, despite these 
and other modifications, the basic concepts in developmental theory 
remained stagnant in an era in which biology in general evolved 
rapidly. In 1969, Wolpert called for new initiatives in theories of 
development. 
1.1.1.1 The French flag problem 
. 
Wolpert (1969, 1970, 1971) suggests the following axioms for 
development: 
(1) Cell patterning is separate from the development of form. 
The latter involves cell movement and changes in shape, e.g. 
gastrulation and neurulation, whereas the former entails the 
production of certain ratios of differentiated cells from an initially 
homogeneous population of undifferentiated cells. 
(2) The unit of pattern formation is termed the field. 
' Empirical estimates set the extent of a field at about 50 cells, and 
never more than 100 cells, in any on~ linear dimension. According to 
Wolpert (1971), a culminating slime mould aggregate constitutes a 
single morphogenetic field. 
(3) A cell determines its re.lative position in the field with 
respect to: (a) a reference region, a 0 , and (b) polarity, or the 
3 
direction in which positional information is measured. Fields with 
only (a) and (b) are termed unipolar~ It is postulated that in 
bipolar systems a second reference region, a~, which adjusts the size 
of the measured units to fit the axial length, is · necessary to explain 
size invariance in patterning. Size invariance of patterning is an 
implicit assumption. 
(4) When a cell has interpreted the positional information it 
sets out on a specific path of development. 
(5) The process of determining the reference points and axes of 
a field, and the mechanism of determining positional information are 
universal. 
Wolpert (1969) avoids spec.ifying the biochemical nature of the 
process of defining positional information, and, in fact, does not use 
an embryo, but the French flag as an example of a regulative system. 
The French flag regulates to form three regions of equal size in a 
defined order, either by morphollaxis (regulation without growth, as 
occurs in the slime mould aggregate), or by epimorphosis (regulation 
with growth). Wolpert suggests two mechanisms which may provide 
positional in~ormation for French flag formation. A linear gradient 
could be established by producing a su1:?stance at a 0 and destroying it 
at a;, i.e. a source and a sink. Crick (1971) and Munro and Crick 
(1971) show that such a gradient is theoretically possible for small 
molecules within the length of a morphogenetic field. The cells in 
the field can then tell their relative position from the reference 
regions and the concentration of .the morphogen. This method has the 
drawback that fluctuations in the concentration of the gradient affect 
cell proportioning. Wolpert's other mechanism involves two gradients 
which have opposite actions; one activates while the other inhibits. 
The activating gradient is produced from a 0 whereas the inhibiting 
gradient is produced from a~ . Each cell in the field estimates its 
position in the field from the ratio of activator to inhibitor. If 
the production of activator and inhibitor are functionally linked, 
chance fluctuations in absolute concentrations of activator and 
inhibitor, caused by external disturbances, equilibrate, and do not 
affect positional information. 
1.1.1.2 Gierer and Meinhardt's theory 
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Gierer and Meinhardt (1972) and Gierer (1977) suggest a mechanism 
of pattern formation based on two gradients: a short range activator 
and a long range inhibitor, which have a conunon origin. They show, by 
computer simulations, that, by varying the initial conc·entrations and 
the rate of decay of activator and inhibitor, strongly polar patterns 
of activation can be obtained. The results of grafting experiments in 
Hyd:ra can be explained by Gierer and Meinhardt's theory, by assuming 
that the activator is produced at an initially high level but decays 
rapidly, while the inhibitor is produced at an initially lower level, 
but is more stable. The Gierer and Meinhardt theory is very flexible, 
and can be used to explain many systems of development and 
regeneration. 
1.1.2 Repeated Signal Theories 
Although gradient theories can explain the events of development 
in a conceptually pleasing manner, there is some doubt as to whether 
gradients are actually established and maintained in developing 
systems. Despite extensive research, only one . instance of a 
morphological gradient has been found, i.e. that of auxins in the 
growing tips of plants (Thimarm and Skoog, 1934). Therefore, 
alternative hypotheses have been proposed. Because many cellular 
activities are periodic or rhythmic, e . g. the cell cycle, these 
hypotheses suggest that morphogenesis is based on a repeating signal. 
j 
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1.1.2.1 Goodwin and Cohen's theory 
Goodwin and Cohen · (1969) believe that although spatial control of 
morphogenesis could be simply explained by gradient theories, temporal 
control, despite its obvious occurrence in embryonic systems, could 
not be. A simple timing system could involve the counting of pulses, 
and therefore theories of morphogenesis based on ·repeating signals can 
explain temporal regulation more readily than gradient theories. To 
explain spatial control in wave theory (i .. e. regular repeated signal 
theory) it is necessary to hypothesise the existence of two different 
pulsating signals each with a different wavelength. Each cell could 
estimate its distance from the source of the pulses from the phase 
difference between the two signals. This process has been likened to 
estimating the distance of a thunderstorm from the interval between 
the lightning flash and the thunde! (Wolpert, 1971). However, this 
analogy is misleading because the distance of the storm is estimated 
from the difference in the velocity of two waves (light and sound), 
while in Goodwin and Cohen's theory, the phase difference between two 
waves is used to measure distance. 
Goodwin and Cohen (1969) and Goodwin (1971) postulate that each 
cell oscillates between three states, a signalling state, a refractory 
state and a sensitive state. The first cell to signal automatically 
becomes the pacemaker region. If the cells · next to the pacemaker are 
in a sensitive state, they respond by producing their own signal, 
after a time lag. Hence a wave of excitation, known as an S wave, 
passes through the cells in the field. The s wave radiates outwards 
from the pacemaker at a frequency determined by the pacemaker. The 
second signal,which is necessary for positional information,is caused 
by a periodic event (P) which occurs in each cell ·and is of a lower 
frequency than the S event. In cells driven by the pacemaker the P 
event becomes out of phase with the S event and becomes initiated not 
by the S event but by a signal from the neighbouring cell's P event. 
The P wave propagates from the pacemaker with a different wa~e length 
to the S wave, but is still dependent on the S wave for its synchrony. 
The phase difference between P and S waves varies linearly with the 
distance away from the pacemaker. 
6 
In order to explain Goodwin and Cohen's assumption of the size 
I 
invariance of patterning, it is necessary to postulate the existence 
of a third organising wave, known as an R wave. When the phase 
difference between Sand Preaches a maximum value, an R event occurs, 
producing a slowly decaying molecule Q which has the effect of 
reducing the phase difference between Sand P, so that this difference 
remains under the maximum value for all cells in the tissue. As Q 
slowly decays in each cell, the phase difference between Sand P will 
reach a maximum value at the end of the tissue opposite to the 
dominant region. Therefore, both extremes of the morphogenetic field 
are instrumental in determining patterning, and in producing a stable 
system of · organising waves. A system incorporating an R wave is 
comparable to Wolpert's bipolar system, whereas one with only Sand P 
waves could be considered to be a unipolar system. 
1.1.2.2 McMahon's theory 
McMahon (1974) bases his theory on the known biochemical 
properties of the hormone system in animals and on similar systems in 
the lower eukaryotes. According to his theory, highly information~l 
molecules such as RNA or protein are unlikely to .be morphogens, while 
simpler molecules, in particular the cyclic nucleotides and metallic 
ions, probably have important morphogenetic effects. McMahon (1974) 
believes that the great diversity of development is not due to the 
diversity of morphogenetic substances but to the diversity of 
receptors of these substances. These receptors, which are postulated 
to be situated on the cell surface, trigger a large battery of cell 
responses. The morphogenetic signal need not necessarily travel a 
great distance. In fact, each cell can transmit the signal either by 
direct contact or by diffusion over very short distances (60-70 µm). 
The signal originates from cells known as inducers which transmit the 
morphogenetic signal to nearby cells, causing them to respond and pass 
on the signal. Therefore, McMahon (1974) finds that there is no need 
to postulate a gradient of morphogen, but simply pulses of activity 
extending over the entire field of cells. 
• 
1.1.3 Size Invariance of Patterning - An 
Experimentally Testable Assumption 
, 
It is frequently assumed that patterning is size invariant, e.g. 
Gierer and Meinhardt (1972) state: 
"models are proposed which explain size regulation (constant 
proportion of parts of the pattern irrespective of total siz e )" . 
Wolpert (1971) assumes: 
"the system always forms the French flag irrespective of the 
number of units or which parts are removed". 
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As Wolpert (1969), Goodwin and Cohen (1969) and McMahon (19 74) 
all suggest that the signal is interpreted at the cellular level , and 
because differentiation is an all or nothing event, the size o f the 
aggregate is likely to depend on cell numbers rather than volume (or 
any other measure). The truth of the a$sumption that variation in the 
total cell number does not affect the proportioning of dif f erent cell 
types can be experimentally tested in the cellular slime moulds. The 
importance of this test is that the validity of this assumption is 
central to the conceptualisation of the developmental process. 
In the cellular slime moulds, differentiation is separate from 
growth (as measured by increase in cell mass) because the cells in the 
aggregate are not feeding (Raper, 1935, 1937). Each aggregate 
constitutes a single field (Wolpert, 1971) which differentiates into 
three cell types in the case of D. discoi dewn , and two c e ll t ypes in 
the case of P. paZ Zidwn. By estimating the numbers of differentiate d 
cell types in fruiting bodies of different sizes, the variation o f 
patterning with total cell number can be examined. The r e sults o f 
such an analysis are presented i n Chap ters 2 and 5. 
1.2 DICTYOSTELIUM DI SCOIDEUM AND 
POLYSPHONDYLIUM PALLIDUM - SYSTEMS 
FOR THE STUDY OF MORPHOGENESIS 
1.2.1 Taxonomic Status of D. discoideum and P. paZZidwn 
D. discoidewn and P. paZZidwn are members of t h e sub-clas s 
l 
Species 
D. mucoroides 
Brefeld (1869) 
D. gigantewn 
Singh (1947) 
D. purpurewn 
Olive (1901) 
D. lactewn 
van Tieghem 
(1880) 
D. discoidewn 
Raper (1935) 
D. minutum 
Raper (1941) 
P. pallidum 
Olive (1901) 
P. violaceum 
Brefeld (1884 ) 
Table 1.1 
Characteristics of several species of Dictyosteliaceae 
Chemotactic 
response 
to cAMP 
+ 
+ 
+ 
+ 
+ 
* P.G. 
(polar spore 
granules) 
absent 
absent 
absent 
absent 
absent 
present 
present 
present 
Stalk length 
variable up to 
1.5 cm 
larger than 
D. mucoroides 
1. 7 - 5 cm 
similar to 
D. rrrucoroides 
very small 
(less than 
0.5 mm) 
variable; not 
as large as 
D. rrrucoroides. 
Has a basal 
disc 
very small 
(less than 
0.5 mm) 
smaller than 
P. violaceum 
up to 2 cm in 
length 
Branching 
of 
fruiting 
body 
not usually 
not usually 
not usually 
absent 
absent 
small 
lateral 
branches 
regular 
branches 
regular 
branches 
Spore shape 
and colour 
elliptical, 
white 
·elliptical, 
white 
elliptical, 
purple 
spherical 
white 
elliptical 
yellowish 
ellipt'ical, 
white 
elliptical, 
white 
elliptical, 
dark violet 
Migration 
horizontal stalk 
; 
formed 
horizontal stalk 
formed 
horizontal stalk 
formed 
absent 
no horizontal 
stalk formed: 
pseudoplasmodium 
is slug-like 
absent 
horizontal stalk 
formed 
horizontal stalk 
formed 
* Traub and Hohl (1976) ~se this characteristic to differentiate between Dictyosteliurn and 
Polysphondylium related cellular slime moulds. 
OJ 
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Dictyosteliaceae within the subphylum Mycetozoa. The Mycetozoans are 
characterised by having an animal-like feeding stage and a plant-like 
fruiting body within the same life cycle; therefore, they are not 
easily classified, and debate exists as to whether they can be grouped 
with the Fungi or Protozoa (Olive, 1975). The Dictyosteliaceae are 
characterised by being nonflagellated amoebae which undergo an 
aggregation phase to form a multicellular pseudoplasmodium giving rise 
to a multi-spored fruiting body. Characteristics of several species 
of Dictyosteliaceae are given in Table 1.1. Many of the traits which 
are used to define species are readily mutable, e.g. stalk length, 
spore shape and colour, so that some species may simply be variants. 
There may be considerable divergence between the Dictyosteliwn-
like species and the Polysphondyliwn-like species. Traub _and Hohl 
(1976) (Table 1.1, first and second columns) have shown that 
Dictyosteliwn-like species which are attracted by cAMP (cyclic 3'5'-
adenosine monophosphate), do not have polar spore granules, whereas 
-the converse is true for · Poiysphondyliwn-like species. Moreover, 
Dutta and Mandel (1972) found that the guanine-cytosine (GC) content 
of the DNA of Polysphondyliwn species is significantly greater than 
that of Dictyosteliwn species. 
1.2.2 Brief Summary of the Life Cycle 
of D. discoidewn and P. pallidum 
The essential features of the life cycles of D. discoideum and 
P. pallidum are the same, and are summarised in the diagram which 
follows (p.10). The following sections of Chapter 1 contain a more 
detailed description of specific stages in the -life cycles of 
. 
D. discoidewn and P. pallidwn, highlighting the suitability of these 
organisms as models of eukaryotic development. 
1.2:3 Aggregation 
The aggregation phase of the cellular slime moulds is one of the 
best documented cases of cell migration during morphogenesis. 
Starvation initiates the aggregation of independent amoebae. After 
~ 
spore germination 
r 
MATURE FRUITING BODY 
D. discoidewn has a single 
spore head, Fig. 1.6. 
VEGETATIVE PHASE 
Haploid amoebae feed on 
bacteria and yeasts etc. 
and divide by binary 
fission 
ASEXUAL CYCLE 
depletion of food source 
l 
SOCIAL PHASE 
J 
P. pallidwn has many branches SEXUAL CYCLE 
CULMINATION 
D. discoidewn differentiates 
into 3 cell types, spore, 
stalk and basal disc cells, 
Fig. 1.4. P. pallidwn 
differentiates into 2 cell 
types, spore and stalk . 
cells, Fig. 1.5. 
~ 
AGGREGATION 
Fig. 1.1 
MIGRATION 
If cells of either D. discoidewn or 
P. pallidwn of different mating type 
are mixed, under certain conditions, 
macrocysts form which consist of 
about 100 cells surrounded by a 
triple wall. During the formation 
of these macrocysts a giant cell is 
reported to engulf the others and 
then divide (Erdos et al ., 1973). 
D. discoideum migrates as a unit 
with a slime sheath. P. pallidwn 
puts down a horizontal stalk, 
Figs. 1.2 and 1.3. 
I' 
1--' 
0 
Fig. 1.1: Aggregates of P. pallidum strain PP28S. Magn. XlO. 
Fig. 1.2: A slug of D. discoideum strain X22. Magn. X20. 
Fig. 1.3: A pseudoplasmodium of P. pallidum strain PP28S, squashed to 
show the stalk running the length of the pseudoplasmodium. 
Magn. X40. 
Fig. 1.4: Culminating fruiting body of D. discoideum strain X22 at 
"Mexican hat" stage. The stalk has just commenced rising. 
Magn. X20. 
Fig. 1.5: Culmination in a fruiting body of P. pallidum strain PP28S. 
A ring of cells has separated from the main cell mass and has 
formed tips. These tips will form branches. Magn. X20. 
Fig. 1.6: Fruiting bodies of D. discoideum strain X22. Magn . X20. 
111 
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\. 
Figure 1.1. Figure 1.2. 
Figure 1.3. Figure 1.4. 
Figure 1.5. 
Figure 1.6. 
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6-8 hours food deprivation, amoebae (then known as interphase amoebae) 
become aggregatiofi competent and form streams which flow towards 
centres of aggregation (Fig. 1.1). As these streams become integrated, 
a slime sheath is formed inhibiting the entry of other cells. The 
resulting cell mass is cigar shaped with a small tip or papilla at the 
apex. 
1.2.3.1 Control of the initiation of aggregation 
Initiation of aggregation does not appear to be a random process. 
Centres of aggregation are ultimately spaced evenly throughout an 
aggregating population of amoebae. This results in each initiation 
centre having a defined area, known as an aggregation territory, under 
its influence. Under standardised conditions this territory is of 
constant area over a considerable range of cell densities (Bonner and 
Dodd, 1962). 
It has been shown for P. violacewn, D. minitum and P. pallidwn 
that aggregation is initiated by a single cell, termed the founder 
cell (Shaffer, 1958; Gerisch, 1963; Francis, 1965). The founder 
cell, to which other amoebae are attracted, distinguishes itself from 
the other amoebae by becoming roughly spherical. Founder cells have 
not been observed in D. discoidewn, and there is some debate as to 
whether aggregation in D. discoidewn is initiated by a single cell 
(Durston, 1976), or if random areas containing a high density of 
amoebae become aggregation centres (Traub and .Hohl, 1976). 
Bonner and Hoffman (1963) demonstrate, in D. discoidewn , that 
established aggregates can inhibit the formation of other aggregation 
centres and suggest that a volatile hormone, emitted by a successfully 
initiated aggregate, may inhibit the development of other aggregation 
centres. They demonstrate that mineral oil and charcoal can increase 
the number of aggregates, presumably by absorbing the inhibitory 
hormone, and show that CO 2 has .a similar effect to the postulated 
hormone. 
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1.2.3.2 Chemotaxis 
The chemical attractant, termed acrasin by Bonner, to which most 
Dictyosteliwn species respond, has been shown to be cAMP (Bonner, 1947; · 
Konijn et al ., 1967). This cyclic nucleotide has been shown to 
function as a secondary or intracellular hormone in mammalian tissue. 
A large number of mammalian hormones (primary messages) activate an 
adenylcyclase at the surface of target cells, thus stimulating t h e 
adenylcyclase to produce cAMP. The cAMP, thus formed, stimulates the 
cell to carry out a specific function (Robison et al., 1971). However, 
in D. discoideum, cAMP appears to have the role of a primary message 
because it is released into the extracellular medium (Bonner, 1969). 
Although cAMP is secreted by Pol ysphondyliwn species, it is not the 
acrasin of these species (Francis, 1965; Traub and Hohl, -1976) . . 
Aggregation of D. discoidewn cannot be fully explained by 
diffusion of a chemotactic agent. Time lapse cinematography of 
aggregating amoebae reveal that they do not move continuously towards 
the aggregation centre, but exhibit alternate periods. of movement and 
rest (Gross et al. , 1976). 
1.2.3.3 Periodic signals in aggregation 
Aggregation in D. discoidewn and P. pallidwn provides an example 
of a periodic sign_al being involved in the mechanism of rnorphogenetic 
movement. However, it must be emphasised that it is not known whether 
cell patternin9 is a _lso defined by a mechanism involving periodic 
signals , although pulsatory movements of the D. di scoi dewn aggregate 
have been noted up to culmination (Durston, et al . 1976). Th e theories of 
Goodwin and Cohen (1969) and McMahon (1974) are supported by 
aggregation in the cellular slime moulds in the following respects. 
(1) Cyclic AMP, a small molecule, has been shown to be the 
chemical attractant in D. discoidewn aggregation (Konijn et al., 1967; 
Bonner, 1969). Both cAMP (Bonner, 1970) and calcium ions (Maeda, 
1970) have been shown to induce stalk cell differentiation in 
D. discoidewn. 
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(2) It has been reported that recep tors at the cell surface of 
D. discoidewn bind cAMP (Malchow and Gerish, 1 1974; Green and Newell, 
1975), and may have some role in the aggregation process. 
(3) Aggregating D. discoideum amoebae go through phases of being 
responsive and refractory to the signal being produced by the centre 
of the aggregate, as shown by alternate moving and stationary bands of 
cells in an aggregating field using time lapse cinematography (Gross 
et al. , 1976). 
(4) Cells in aggregating streams are capable of emitting their 
own signals, as shown by the fact that cells enter streams rather than 
make their way individually towards the ce~tre (Bonner, 1967). 
(5) In the case of the Polysphondyliwn species, individual cells 
have been shown to initiate aggregation, by rounding up and emitting a 
signal to which neighbouring amoebae are attracted (Shaffer, 1958). 
This initiating cell presumably acts like a "pacemaker". The same 
"pacemaker" function has been attributed to a c;entral ring of cells 
in the D. discoidewn aggregate (Durston, 1976). 
1.2.4 Migration 
The migratory phase, known as the grex or pseudoplasmodiurn (or 
slug in the case of D. discoidewn), is a non-obligatory .phase in the 
life cycle ·of D. discoidewn. Environmental factors such as high 
humidity, low ionic strength, unilateral light, high pH and a high 
density of _amoebae encourage migration, whereas low humidity, high 
ionic strength, overhead light and a low pH induce culmination (N ewell 
et al ., 1969). If migration is to take place, the late aggregate 
lowers itself onto the substratum to form t he cigar shaped slug stage 
~ 
(Fig. 1.2). The slime sheath which covers the slug is composed of a 
protein polysaccharide complex (Francis, 1962). 
P. pallidwn cannot be said to undergo true migration, if migration 
is defined as separate from fruiting body formation, because as the 
P. pallidwn grex migrates, it leaves a horizontal stalk behind it on 
the substratum (Fig. 1.3). However, this stalked grex will be 
considered in the following sections as the migratory phase of P. pallid.um. 
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1.2.4.1 Properties of the grex tip and tail 
Theories of cell patterning, such as those of Gierer and 
Meinhardt (1972) and Goodwin and Cohen (1969), suggest that the 
extreme anterior and posterior of morphogenetic fields play an 
important role in defining cell patterning. Several unique properties 
of the aggregate tip (particularly the tip of the D. discoidewn slug) 
have been reported, however very little experimental work has been 
carried out on the tail of the aggregate. 
Although the tip and tail are present in all stages of 
morphogenesis, from aggregation to fruiting body tormation, they are 
easiest to study at the pseudoplasmodium ·stage in D. discoideum 
(grafting experiments are easiest at this stage) and therefore are 
discussed in this section. 
The tip is not only present throughout development, but is also 
believed to be composed of the same cells at all times (Farnsworth, 
1973) . The tip is thought to control the development of the cell mass 
and has been termed the organiser by Rubin and Robertson (1975). 
These authors grafted tips from aggregates at various stages of 
development onto host aggregates, also at different stages of 
development. In most cases the donor tip assumed control of a part of 
the host's cell mass, usually the part posterior to the grafted tip. 
A facet of the tip's organiser function is the inhibition of the 
formation of secondary tips. Durston (1976) has shown by grafting 
tipless slugs onto various anterior portions of a host slug, that the 
inhibition of a secondary tip is strongest nearest the tip and 
decreases in posterior parts of the slug. He believes this gradient 
of inhibition is non-linear. Farnsworth (1973) shows that if the tip 
is separated from the other cells in the -aggregate by an impermeable 
barrier, that the influence of the tip lasts for approximately 37 
minutes in which time no new· tip will form. 
The slugs of both D. discoidewn and P. pallidum, in contrast to 
individual amoebae, move towards light (Raper, 1940; Bonner, 1950). 
Photosensitivity is a property of the aggregate tip as only the 
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anterior 5-10% of the D. discoideum slug responds to light (Poff and 
Loomis, 1973). Pnotosensitivity in D. discoi deum is apparently due to 
the photopigrnent, phototaxin, which is a haem protein and undergoes 
photo-oxidation at a wavelength of about 430 nm, and has an action 
spectrum similar to ·phototaxis (Poff et al., 1974). Poff and Loomis 
(1973) suggest that light stimulates migration by the following 
mechanism: incident light is focused by the near side of the slug 
onto the distal side (this is known as the "lens ·effect") , which then 
moves faster than the near side causing the slug to turn toward the 
light. Once facing the light, both sides are equally stimulated and 
so the slug moves towards the light source. 
The D. discoideum slug is also very sensitive to temperature - and 
will orientate itself in temperature gradients of only o.q5 °C/cm 
(Bonner, et al. -1S50). It has been argued that thermotaxis is separate · fr om 
phototaxis because the latter _is thought to involve a "lens effect", 
whereas, in the temperature range of 20 °C to 30 °C, heat would be 
absorbed on the proximal side of slug and would not be focused (Poff 
and Skokut, 1977). Thermotaxis occurs over a narrow range of 
temperatures (22 ° - 28 °C). Slugs migrating at lower or higher 
temperatures do not show it. There is as yet no evidence that this 
temperature response is a function of the tip cells. 
The tail of the slug has not been reported as having any unique 
function. Yet Loomis (1972), by freeing the rear of the slug from the 
slime sheath ·and cutting off the tip, demonstrated that the tail of 
the slug is capable of assuming the role of organiser. 
1.2.4.2 Differentiation in the grex 
Several biochemical studies suggest that the D. discoi deum slug 
may separate into two major regions. Periodic acid-Schiff reaction 
for polysaccharides results in the rear of the slug being heavily 
stained whereas the front is not (Bonner et al., 1955). Krivanek and 
Krivanek (1958) and Maeda and Takeuchi (1969) have reported that 
enzymes such as alkaline phosphatase and succinoxidase are found only 
in the anterior cells. Ultrastructural examination of the cells in 
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the slug reveal the presence of prespore vacuoles, which occur only in 
the prespore cells and are believed to contain a prespore specific 
antigen and precursors of the spore coat (Maeda and Takeuchi, 1969; 
Hohl and Hamamoto, 1969; Gregg and Badman, 1970; Hayashi and 
Takeuchi, 1976 ). 
The grex of P. pallidwn differs from that of D. discoidewn 
because it does not appear to be divided into prestalk and prespore 
regions. Periodic acid-Schiff reaction does not distinguish between 
prestalk and prespore cells (Bonner et al., 1955; Bonner, 1957), 
while all the cells in the P. pallidwn grex contain prespore vacuoles 
(Hohl et al ., 1977). In contrast to D. discoidewn, P. pallidwn does 
not determine the proportions of the fruiting body at the grex stage, 
which may suggest that there is a difference in the mechanism 
controlling cell patterning in these two slime moulds. 
1.2.5 Culmination 
Culmination in the cellular slime moulds is a simple example of 
eukaryotic morphogenesis. In the cellular slime moulds, there is 
little exchange of material with the environment during morphogenesis 
because the differentiating cell mass is not feeding and is enclosed 
by the slime sheath. 
Raper (1940) shows that in D. discoidewn , the cells from the 
front of the slug become stalk cells; the cells further back become 
spores, while those at the extreme rear form basal disc cells. He 
shows this by transplanting the front of a red slug (the red pigment 
was due to the ingestion of the bacterium Serratia marcescens) on to 
the rear of a normal colourless slug. ·The stalk in the resulting 
fruiting body was red, while the spores and basal disc were colourless. 
At the onset of culmination, the basal disc cells are isolated by 
the invagination of the slime sheath. An extracellular ring of 
cellulose is secreted where the tip meets the remainder of the cell 
mass and this ring is extended to form the nascent stalk sheath (Raper 
and Fennell,1952). The prestalk cells at the anterior of the 
aggregate move down through the cell mass until they contact the 
developing basal disc. The sorogen then cormnences to rise as more 
stalk cells enter the stalk. Finally, as the last of the prestalk 
cells differentiates and the prespore cells become encysted, the 
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D. discoideum fruiting body assumes its final form (Raper and Fennell, 
1952). The stalk is a long tapering cone, which nestles into a cup 
shaped depression in the flattened cone of the basal disc while the 
sorus, which is situated at the apex of the stalk, · is globose. 
The culmination and final form of P. pallidwn differs from 
D. discoideum in several respects. 
(1) Culmination and migration are not separate stages of the · 
life cycle of P. pallidum but occur at the same time. 
(2) The P. pallidum sorogen remains unproportioned right up to 
the onset of final differentiation whereas that of D. discoideum does 
not (see section 1.2.4.2). 
(3) As the sorogen of P. pa llidwn rises, successive doughnut 
shaped rings of cells are cut off from the main cell mass {Fig. 1.5). 
These rings of cells produce several tips which are at right angles to 
the main stalk. Each ring then divides into a number of cell masses 
(corresponding to the number of tips) which differentiate into 
branches consisting of a spore head with a thin stalk. 
(4) The stalk of the P. pallidwn fruiting body consists mainly 
of a linear array of single cells, although the base of the main stalk 
in larger fruiting bodies may be two or three cells thick . In 
D. discoideum only the very smallest fruiting bodies have stalks of 
one cell in diameter. The majority of D. di scoi dewn stalks are 
several cells thick at the base and ta~er to a single cell in diameter. 
(5) The final form of the P. pallidwn fruiting body is rather 
like a small white Christmas tree. Each branch is similar in shape to 
a D. discoideum fruiting body without a disc. 
1.2.6 D. discoideum and P. pallidum as experimental systems 
Nine years after the first isolation of D. discoidewn (Raper, 
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1935), Bonner (1944) advocated the use of this species as a system for 
the study of morphogenesis, for the followi~g reasons: 
"(1) It can be cultured easily in the laboratory under room 
conditions; (2) Its normal nutritional requirements are well 
known (Raper, 1937, 1939); (3) Since the environment is that of 
a culture dish it can be controlled; (4) The life cycle is short, 
lasting only four days; (5) Perhaps the most important point is 
that the morphogenesis is separated naturally from growth in the 
development of the organism. This is an ideal situation for 
those interested in biological form for here is a natural 
separation of the two form-producing factors which are ordinarily 
so closely connected that it is impossible to determine the roles 
of each; (6) There are only three types of cells (stalk, spore 
and basal disc) and these have a similar parent cell; 
(7) Depending on the number of amoebae in th~ pseudoplasmodium 
(varied by natural causes or operation) proportional fruiting 
bodies of a great size range can be obtained; (8) Because the 
pseudoplasmodium is naked it can be operated upon easily, making 
grafts etc. (especially true of the migration stage)n. 
Due to recent developments, Bonner's list can now be extended as 
follows: (9) It is amenable to parasexual genetic analysis (Loomis, 
1975); (10) There is a non-obligatory sexual phase which may prove to 
be of value in genetic analysis (Erdos et al., 1973); (11) Large 
quantities of cells at any developmental stage can be obtained for 
biochemical studies; (12) An axenic and a defined medium for 
D. discoidewn and P. pallidwn have been developed (Hohl and Raper, 
1963; Sussman and Sussman, 1967; Watts and Ashworth, 1970; Franke 
and Kessin, 1977; 1978). 
All of the points on this list apply equally well to P. pallidwn, 
although points (6) and (8} require modification for the following 
reasons: · P. pallidwn fruiting bodies consist of a main stalk plus a 
terminal sorus and a · number of lateral branches containing stalk and 
spore~, while . its sta'lked pseudoplasmodium offers less versatility 
than the unstalked pseudoplasmodium of D. discoideum in grafting 
experiments . 
Bonner (1967) stated that a comparative approach to cellular 
slime mould differentiation may be fruitful: 
"The fact that Polysphondy liiqn has such a radically different 
pattern of differentiation from D. discoidewn and D. ·mucoroides 
argues strongly for the usefulnes_s of the comparative method in 
the experimental analysis of these forms." 
CHAPTER 2 
CELL PROPORTIONING IN DICTYOSTELIUM DISCOIDEUM 
"I have steadily endeavoured to give up any hypothesis, 
however much beloved as soon as facts are shown to be opposed 
to it" (Charles Darwin) . 
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The significance of the problem of cell patterning in the 
cellular slime moulds is not simply that of trying to understand the 
biology of a particular group of organisms, but it is a problem which 
is fundamentally important in elucidating the principles of 
development in all organisms. Dev~lopment in the cellular slime 
moulds occurs without an increase in cell mass {Bonner, 1952), and 
therefore the assumption that cell patterning in developmental systems 
is size invariant, can be examined experimentally (see section 1.1.3). 
2.1 PREVIOUS STUDIES ON CELL PROPORTIONING 
IN THE CELLULAR SLIME MOULDS 
Before considering the estimates of cell proportioning in 
D. discoidewn presented in this thesis, it is valuable to examine the 
work of other authors on this subject, to understand why a new 
approach to the problem of cell patterning in D. discoideum was 
necessary. 
In the paper in which he described the new- species, D. discoidewn, 
Raper (1935) noted that it appeared that proportions of sorus, stalk 
and basal disc in the fruiting body were approximately constant. The 
dimensions he measured were the diameter of the sorus, the basal and 
apical diameter of the stalk, the length of the stalk and the diameter 
of the disc. He stated, 
"this relationship [between measurements] is not exact but within 
limits it does exist." 
• 
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As his sample size was quite small (only twelve fruiting bodies) 
and the dimension~ he measured were not linearly related to the 
numbers of each differentiated cell type, e.g. the diameter of the 
sorus increases at a lesser rate than the number of cells in the sorus, 
it was left to other authors to confirm Raper's idea. 
In a paper concerned mainly with the rate of morphogenetic 
movement in the culminating slime mould aggregate, Bonner and 
Eldredge (1945) examine the proportions of the D. discoideum fruiting 
body . They plot the radius of the sorus, the height of the stalk and 
the rate of increase in height of the sorocarp during culmination on a 
three·-dimensional grid, and show that these properties of the 
fruiting body were all approximately in direct proportion, but not 
necessarily linearly related. However, although more samples were 
taken , the same criticisms, made of Raper's earlier work, e.g. small 
sample size and the use of indirect estimations of cell number, can be 
levelled at this study. 
Bonner and Slifkin (1949) make the first study devoted to cell 
patterning in D. discoideum. Because Bonner and Slifkin (1949) is one 
of the few papers dealing with cell patterning in D. discoideum, it, 
or its conclusion that cell patterning is size invariant, is 
frequently referred to in papers or reviews concerned not only with 
development in D. discoideum but with development in general. 
Bonner and Slifkin's method involved fixing, staining and 
mounting whole fruiting bodies and measuring the dimensions of the 
fruiting bodies using a camera lucida. From these dimensions, the 
volumes of the stalk and the sorus were calculated, by assuming the 
stalk to be a truncated cone and the sqrus a prolate spheroid. The 
volumes of sorus and stalk were then converted ~nto cell numbers using 
conversion factors. Their method has several disadvantages: (i) the 
amount of water in the sorus can vary enormously with environmental 
conditions and increase with the age of the fruiting body; (ii) the 
volume of the cells can vary due to ploidy and the length of the time 
deprived of food prior to development so that volume is not correlated 
directly with cell number; (iii) differentiation took place on 
nutrient agar plates, therefore it is unlikely that conditions such 
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as humidity, gaseous exchange and ionic strength could be standardised 
over a number of experiments. 
Bonner and Slifkin (1949) contend that the spore:stalk ratio is 
constant because they were able to draw a straight line through the 
origin on a graph of sorus volume versus stalk volume. However, 
examination of their graph shows that the residuals of the points 
representing the spore:stalk ratios of the larger fruiting bodies are 
not evenly spread about the proposed relationship between spore and 
stalk cells but occur on one side of the line (Fig. 2.1). This 
indicates that the line Bonner and Slifkin (1949) draw does not fit 
the data very well, and that the relationship between the -volumes of 
spore and stalk may not be linear or pass through the origin. 
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Fig. 2.1: A graph showing the residuals of the relationship between 
the volume of the sorus and the volume of the stalk from Fig. l,in 
Bonner and Slifkin (19.49). At high stalk volume the majority of 
points are above the line _representing the relationship, while, 
at lower ~talk volumes, the points are not evenly distributed 
about the hypothesised relationship. Therefore, this relationship 
is not the best fit for the data. 
Bonner and Slifkin (1949) show that environmental conditions 
affect the spore:stalk ratio (calculated as a percentage stalk cells 
over total cells, because they believed they had shown that the spore: 
stalk ratio was size invariant). In the dark, fruiting bodies which 
Ill 
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had culminated at 17°C had a spore : stalk ratio of 14.1 + 6.3% stalk 
cells while in the light the percentage of stalk cells increased to 
24.0 + 4 o5%. Increasing the temperature had the reverse effect of 
increasing the spore:stalk ratio; in the dark at 27°C the percentage 
stalk was 2.2 + 3.4%. However, the latter result may be invalid 
because it is noted that at 27°C in the dark, the volume of the stalk 
cells had approximately doubled [1.71 cells per (10 µm) 3 instead of 
4.30]. Although diploids in D. discoideum were not known to be stable 
when Bonner and Slifkin (1949) carried out their work, one explanation 
of this increase in cell volume is that diploidisation had taken place. 
Further evidence of possible diploidisation lies in the fact that the 
stalk : spore ratio reverted to that obtained at 17°C after a few cycles 
of development at 27°C (possibly reflecting a reversion from the 
diploid to the haploid state). 
Bonner and Slifkin (1949) ignore the basal disc in · all their 
estimates of cell proportioning in D. discoidewn because its volume 
was too difficult to measure. The basal disc has been ignored in 
many papers concerned with pattern and differentiation in D. discoideum 
since then. This omission, considering that the basal disc constitutes 
a third cell type in morphog~netic terms (section 1.2.5), must lead to 
an incomplete picture of development in D. discoideum. 
Three years later, Bonner (1952) again examines the spore:stalk 
ratio of D. discoidewn . This time he based his estimate of cell 
numbers on measurements of dry weights instead of volumes, taking the 
average of 30 stalks or sori for each measurement. In contrast to 
Bonner and Slifkin (1949), Bonner (1952) finds that environmental 
conditions do not affect the spore:stalk ratio. He accounts for his 
earlier observations with Slifkin by stating that the differences in 
the percentage volume of stalk in fruiting bodies differentiated under 
different conditions was due to differences in water content. Bonner 
(1952) does not mention the basal disc in his measurements and it is 
not known whether he removed the basal disc before measuring the stalk 
weight or included the basal disc in the stalk weight. Another 
possible explanation for the findings of Bonner (1952) is that cell 
patterning in D. discoideum may not be size invariant. A sample of 30 
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fruiting bodies (with stalks and sari not matched) may have such a 
wide spread of spore:s~alk ratios as to conceal any differences caused 
by environmental conditions. 
Bonner (1957) uses a different approach to cell patterning in 
D. discoidewn by estimating the prespore and prestalk volumes in the 
slug . The presumptive prespore region of the pseudoplasmodium was 
differentially stained with periodic acid-Schiff reagent which reacts 
with non-starch polysaccharides. Two possible sources of experimental 
error in this method are the difficulty of estimating the volume of 
slugs, whose shape can vary considerably, and the uncertainty of 
whether all prespore cells contain non-starch polysaccharides at the 
slug stage . After plotti~g his data logarithmically, Bonner (1957) 
contends that the logarithm of the prespore volume is directly 
proportional to the logarithm of the prestalk volume not only for 
D. discoidewn , but also for D. mucoroides and D. purpurewn. Bonner 
expresses the relationship between prespore and prestalk regions in 
these strains as , 
k y bx , 
where y and x are the prespore and prestalk volumes respectively, k is 
the slope of the line , and bis a constant. In D. discoidewn, k 
equals 1 and therefore in this species the relationship reduces to, 
y = bx , 
i.e . a size invariant relationship. Bonner (1957) pools his · 
D. mucoroides data from six strains and his D. purpurewn data from 
three strains . Due to genetic variability, this practice may have 
caused error in his spore:stalk ratio estimates. The basal disc of 
D. discoidewn is again ignored. 
Bonner and Dodd (1962) count the differentiated cells of very 
small fruiting bodies of D. mucoroides, D. purpurewn and P. pallidwn 
directly. The total number of cells in each fruiting body varied from 
7 to 500 cells, with a mean of approximately 60 cells, which implies 
that their sample was considerably negatively skewed. The combined 
data from these three species when plotted logarithmically is 
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approximately a straight line. Although there are no objections to 
Bonner and Dodd's method of estimating differentiated cell numbers, 
their samples, which were skewed and had a very narrow range, and the 
pooling of data from a number of species, are questionable procedures. 
Hohl and Raper (1964) measure the stalk length and sorus diameter 
of D. discoidewn fruiting bodies, and, erroneously, believing that 
they were in agreement with Bonner (1957) and Bonner and Dodd (1962), 
find that the relationship between sorus and stalk in D. discoi dewn 
has an exponential form. This paper illustrates how confused the 
literature on cell patterning in the cellular slime moulds had become. 
It also shows what a weak tool visual plotting of· curves can be, 
because Raper (1935) had plotted the same fruiting body dimensions as 
Hohl and Raper (1964) and at that time had found the relationship 
linear. 
Farnsworth (1975) considers that the size invariance of 
patterning in D. discoidewn has been proven and therefore does not 
examine individual fruiting bodies. He -separated spores from stalks 
by filtration before dry weighing. By this method, the mean dry mass 
of thousands of sari and stalks were obtained. However, there are 
several objections to the way this data was collected. 
(1) The author assumes that the spore:stalk ratio is constant, 
although the literature is not unanimous on this issue. 
(2) The basal disc is considered . to be part of the stalk, 
despite the fact that it is morphogenetically separate from the stalk 
(see section 1.2.5). 
(3) Cells not incorporated into fruiting bodies, c e ll debris and 
slime would be estimated as spore cell~. 
(4) Dry weight is not necessarily a linear function of cell 
number. 
Because of the large number of fruiting bodies in his sample, 
Farnsworth (1975) is able to obtain a narrow confidence interval of 
15.6% - 17.6% for his percentage stalk at 22 °C in the dark. He also 
finds that the stalk percentage varies inversely with t emp erature, in 
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agreement with Bonner and Slifkin (1949). 
In summary, these · studies do not provide a solution to the 
problem of cell patterning in the cellular slime moulds. Bonner and 
Slifkin (1949) and Farnsworth (1975) consider that the relationship 
between spore and stalk cells is linear, whereas other authors believe 
that this relationship is exponential (Hohl and Raper, 1964). Some 
authors consider that environmental conditions affect cell patterning 
(Bonner and Slifkin, 1949; Farnsworth, 1975), whereas Bonner (1952) 
does not agree with this. In an attempt to unravel this confusion it 
was decided to try a new approach to the problem .of cell patterning in 
D. discoidewn and P. pallidwn. 
2.2 EXPERIMENTAL APPROACH 
Because the nature of cell pat~erning has important theoretical 
implications, it was decided to undertake a more rigorous experimental 
approach to cell patterning and to follow, as far as possible, the 
following rules: 
(i) to standardise conditions of growth and differentiation in 
order that fewer errors are introduced by fluctuating environmental 
conditions; 
(ii) to base the estimates of cell patterning on cell numbers 
because the unit of tissue differentiation is the cell and not a unit 
volume or a unit mass (Goodwin and Cohen, 1969); 
(iii) to estimate the cell numbers of individual fruiting bodies 
because taking larger samples would mask any variation of patterning 
with size; 
(iv) to count all cells in each fruiting body and not estimate 
one particular cell type from one fruiting body, and another cell type 
from a different fruiting body; and 
(v) in the case of D. discoidewn, to estimate the number of 
cells in the basal disc, because without this estimate our knowledge 
of patterning in D. di scoidewn is incomplete. 
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2.2.1 Standard Culture Methods for Cellular Slime Moulds 
2.2.1.1 Growth media · 
SM agar (Sussman, 1966): 10 g glucose (analytical reagent grade, 
Ajax Chemicals), 10 g Bactopeptone (Difeo), 1 g yeast extract (Oxoid), 
1 g MgS0 4 • 6H 2 0, 2. 2 g KH 2 P04 , 1 g K2 HP0 4 , 11 g Calbiochem agar made up to 
1 litre with distilled water and sterilised at 15 lbs/in 2 for 20 min, 
approximately 40 ml of SM agar was dispensed into triple vented petri 
plates using a Petrimat plate pourer. This medium is suitable for the 
larger species of cellular slime moulds, e.g. D. mucoroides, 
D. discoideum, D. purpureum, P. violaceum and the . more vigorous 
strains of P. pallidum, e.g. PP28S. 
2.2.1.2 Conditions of vegetative growth 
D. discoideum amoebae were grown on SM agar at 22. O ± O. 5 °C in 
the dark in association with Klebsiella aero.genes. 
2.2.1.3 Maintenance of D. discoideum stocks 
Stocks of D. discoideum were cloned on a lawn of bacteria. The 
amoebae eat the bacteria and small bare patches, containing starving 
amoebae, which develop fruiting bodies in their centres, appear on the 
bacterial lawn. Each of these bare patches is derived from a single 
D. discoideum cell. Strains were maintained by cloning each week. 
For longer storage "mass", plates were prepared by inoculating 
1o't - 10 5 amoebae or spores from a single clone on to a SM agar plate 
previously inoculated with bacteria. After four days, when the 
amoebae had differentiated into fruiting bodies, spores were collected 
into horse serum, dried on to silica gel and stored at 4 °C. Spores 
stored in this manner remain viable for several years, depending on 
the strain. 
For a convenient short term storage, spores were harvested from 
"mass" plates in 5 ml of standard salt solution (SS: 0.6 g of NaCl, 
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0.75 g of KCl, 0.3 g of CaC1 2 in 1 litre of distilled water autoclaved I 
at 15 lbs/in 2 for 20 minutes). The concentration of spores was 
adjusted to 10 6 /ml. These spore suspensions were stored at 4 °C. 
Spores stored in this manner remain viable for at least one month and 
provide a genetically uniform source of cells for use as an inoculum 
for "clearing" plates (see section 2.2.1.4), hence minimising the 
genetic "drift" which can occur during repeated cloning. 
2.2.1.4 Harvesting of amoebae 
"Mass" plates· of amoebae were prepared and the amoebae allowed to 
grow vegetatively. When all the bacteria have been consumed, but 
before the amoebae have aggregated, the plate is known as -a "clearing" 
plate, because opaque bacteria have been replaced by transparent 
amoebae. The amoebae from a "clearing" plate were harvested at room 
temperature into 10 ml of SS using a sterile bent glass rod. The 
amoebal suspension was centrifuged at 1500 rpm in a SorvallSS-34 rotor 
for 2 minutes, washed in 10 ml of SS and recentrifuged. This washing 
and centrifugation was continued until the supernatant was clear. The 
pellet was resuspended in SS. 
2.2.2 Conditions of Differentiation 
and Cell Number Estimations 
2.2.2.1 Preparation of Millipore filters 
Black Millipore filters (4.7 cm HAB GO 4700) were used as a 
substrate for differentiation. Millipore filters can be standardised 
more readily than agar, whose humidity.levels can vary considerably 
with conditions of preparation and storage. Development is also more 
synchronous on Millipore filters than on agar (Sussman, 1966). 
Millipore filters were boiled in distilled water to remove a substance 
which inhibited differentiation. One 7 cm Whatman No. 17 filter pad 
was used to support the Millipore filter in a sterile petri dish and a 
second Whatman No. 17 filter pad was attached to the lid. Both 
Whatman pads were saturated with LPS solution: 40 mM potassium 
phosphate buffer (pH 6.4), containing 20 mM KCl, 2.4 mM MgS0 4 , and 
l f 
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0.5 g/1 streptomycin sulphate (Green and Newell, 1975). 
\ . 
2.2.2.2 Conditions of differentiation 
The D. discoideum cultures were differentiated at 22 ±0.5 °C in 
an incubator fitted with an 8 in. fluorescent tube (Phillips daylite). 
Differentiation was carried out ·in the dark by covering each plate in 
aluminium foil. The amoebae were spread evenly over 0.86 cm2 (which 
corresponded to nine squares of Millipore filter) at a density of 
9. 3 x 10 5 /cm2 using a 20 µl Oxford sampler. Other twofold serial 
dilutions between 9. 3 x 10 5 and 5. 0 x 10 4 amoebae/ cm2 were also used. 
Differentiation normally took place in 24 hrs. 
2.2.2.3 Counting spores, stalk and basal disc cells 
Estimates of cell numbers were obtained from individual fruiting 
bodies within 24 hours of maturation (i.e. between 24 and 48 hours 
after placing the amoebae on fifters), by sequentially counting each 
differentiated cell type as described below. 
Fine tungsten needles were prepared by electrolysing tungsten 
wire in a solution of 10% NaOH (Tindall, 1960). Spores were collected 
by selecting a fruiting body under a Leitz dissecting microscope and 
touching the sorus with a needle to break the surface tension of the 
liquid surrounding the spores. Almost the entire sorus was collected 
on the tip of the needle and was placed in 20 µl of water. After 
agitation, the spore suspension was counted in a haemacytometer 
(Neubauer, B.S. 748). 
The remainder of the fruiting body was picked up using fine 
forceps, placed in a drop of water on a slide, and covered with a 
cover-slip. The stalk and basal disc cells were then examined by 
phase-contrast optics at 400X magnification with an Olympus BHT 
microscope . Any remaining spores were ·counted, and the dimensions of 
the stalk and basal disc were measured with a micrometer. If the 
stalk was small (less than 200 cells) it was possible to count all of 
the cells directly. For larger stalks the total number of cells in 
the stalk (N t) was calculated using the equation, 
to 
where 
cells 
cells 
N 
tot 
N (r 1 +r2 ) 
=N +1----
top 2 C 1 
Ntot = the total number of stalk cells, N = top 
counted directly at the top of the stalk, N /2 p 
around half the stalk 'perimeter between r1 and 
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the number of 
= the number of 
r2, rl = the 
radius of the stalk at the point where direct counting of stalk cells 
was no longer possible, r 2 = the radius at the bottom of the stalk, 
and c = the diameter of the average stalk cell. 
The derivation of this formula and possible sources of error in 
its use are given in Appendix 1. Preliminary experiments .with small 
stalks showed that calculations using this formula were within 5% of 
the nwnber of cells obtained by direct counting. In larger stalks 
(containing more than 200 cells) the formula resulted in a higher 
estimate of cell number than that obtained by direct counting. This 
would be expected if direct counting gave an under-estimation of cell 
numbers in larger stalks. 
The basal disc cells were counted directly. The basal disc 
usually consisted of a single layer of cells and was never more than 
three cells thick. The main problem in estimating the basal disc cell 
number was that part of the disc was obscured by the stalk. This was 
overcome by sliding the cover-slip to shear stalk from basal disc. 
Tables of cell numbers are given in Appendix 2a. 
2.2.2.4 Statistical tests 
Three tests were carried out on the data obtained from the cell 
number estimates to see if the relationships between the three 
differentiated cell types in ·n. discoideum could be considered linear. 
(1) The distribution of the cell number data was tested for 
normality using either the Shapiro-Wilks test (Shapiro and Wilk, 1965) 
for samples less than or equal to fifty or the chi-square test for 
normality with samples whose size was greater than fifty. If 
normality could not be assumed, a logarithmic transformation was 
carried out and a test for normality was performed. If results for 
two cell types can be expressed in such a way that they or their 
transformations are both normally distributed, it is fair to assume 
that the bivariant distribution of these two cell types or their 
transformation is normal. Simple linear regression can the n b e 
carried out on the results or their transformations. 
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(2) The models suggested by method (1) could be verified by 
comparing the residuals (true value minus estimated value) from these 
models with those from linear models. 
(3) To support the rejection of linearity, the relationship 
between the two cell types was fitted to a polynomial equation. If 
there are polynomial elements in the relationship, the argument that 
the relationship is non-linear is verified. [It was decided not to 
place too much significance on polynomial expressions because it might 
be construed that each element of the equation had some theoretical 
significance.] 
2.2.3 D. discoidewn strain 
Strain X22 (Williams and Newell, 1976) was considered a suitable 
standard for the study of cell patterning in D. discoidewn for the 
following reasons: 
(i) It is derived from strain NC4, mating type Al (Erdos, 
et al., 1973). Strain NC4 was originally isolated by Raper 
(Raper, 1935) and is the type strain of the species. Strain NC4 and 
the strains derived from it, such as the axenic strains AX2 and AX3 
are used in genetic and morphogenetic studies (Williams et al ., 
1974). 
(ii) Strain X22 exhibits good vegetative growth under a wide 
range of conditions, although it is temperature sensitive for growth. 
(iii) Fruiting bodies of strain X22 are taller and of more 
uniform shape than those of strain NC4. They consist entirely of 
fully differentiated cells (some strains contain undifferentiated 
cells in their fruiting bodies). 
(iv) A relatively small percentage of cells, compared with 
other strains , are not incorporated into fruiting bodies at 
temperatures of approximately 22 °C. 
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(v) Strain X22 has several genetic markers; on linkage group 
I, sprAl , tsgE13 ; on linkage group II, tsgD12, acrAl, whiAl , and has 
been used in many genetic studies (Williams and Newell, 1976). 
2.3 RESULTS 
2.3.1 Cell Patterning and Size Dependency 
As shown in Fig. 2.2a, the relationship between the number of 
spores and stalk cells in strain X22, differentiated in the dark at 
22 °C, does not appear to be linear. The three statistical treatments 
outlined in section 2.2.2.4 were carried out in order to test whether 
this deviation from linearity was significant and to suggest equations 
which could describe the relationshjp. 
The normality of the distributions of the numbers of spores and 
stalk cells was tested and the results are shown in Table 2.1. The 
distribution of the number of spores per fruiting body can be 
considered normal, whereas the distribution of the number of stalk 
cells per fruiting body requires ·a logarithmic transformation to 
become normalised. Because the number of spores and the number of 
stalk cells are normally and log normally distributed, and because the 
cell number data is paired [i.e. both spore and stalk cell (and basal 
disc cell) number estimates are obtained from the same fruiting body] 
the relationship between them is described by an equation of the form, 
Nsp = a+b log Nst 2.1 
where Nsp represents the number of spores, Nst represents the number 
of stalk cells and a and bare constants, the values and standard 
error of which are given in Table 2.2. Equation 2.1 is illustrated in 
Fig. 2.2b. 
Equation 2.1 was compared to a linear and exponential 
relationship by examining the distribution of residuals. When cell 
number estimates were fitted to equation 2.1, using the method of 
J 
.. 
Strain 
X22 
Table 2.1 
Results of chi-square test of normality on the number and the log transformation 
of the number of spores, stalk and basal disc cells in fruiting bodies of strain X22 
differentiated on Millipore filters in the dark at ~2 °C 
N log N N log N Nd log Nd sp sp st st 
2 Xa = 11. 61 2 x8 =19.29 
2 x8 =44.45 
2 Xa = 5. 01 2 Xa = 50 .12 2 Xa = 12. 32 
NORMAL NOT NORMAL NOT NORMAL NORMAL NOT NORMAL NORMAL 
O.lO<P<0.25 P < 0. 01 P<<0.01 0.75 <P <0.90 P<<0.01 O.lO<P<0.25 
n 
96 
Nsp = the number of spores, Nst = the number of stalk cells, Nd= the number of basal disc cells, and 
n = the number of fruiting bodies in the sample. Normality was accepted at P >0.05. 
Strain 
X22 
Table 2.2 
The equations describing the relationships between the differentiated cell types 
in strain X22 differentiated on Millipore filters in the dark at 22 °C 
(1) N = a+ b log N t 
• Sp S 
a X 103 b X 10 3 p 
-14.4 ±0 .1 7.3 ±0.l 0.81 
(2) N = c + d log Nd 
sp 
C X 103 d X 10 3 p 
-8. 5 ± 0 .1 7. 7 ± 0 .1 0. 81 
(3) log N = e + f log Nd 
st 
e f p 
1.19 ±0.01 0.86 ±0.01 0.84 
n 
119 
Nsp = the number of spores, Nst = the number of stalk cells, and Nd= the number of basal disc cells. 
The values of the constants a, b, c, d, e and f (with standard error) and the value of p , the 
correlation coefficient, are given. n = the number of fruiting bodies in the sample. All logarithms 
are to the base 10. 
w 
w 
Fig. 2.2: Cell patterning in fruiting bodies of strain X22 
differentiated on Millipore filters at 22 °C in the dark . 
(a) Stalk cell numbers plotted against spore numbers; (b) the 
logarithm of the stalk cell numbers plotted against spore numbers; 
(c) the logarithm of the basal disc cell numbers against spore 
numbers; and (d) the logarithm of the basal disc cell numbers 
against the logarithm of the stalk cell numbers. Graphs (b), (c) 
and (d) have the line of regression superimposed on the graph. 
All logarithms are to the base -10 (from Stenhouse and Williams , 
1977). 
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least squares, the resulting residuals were evenly distributed about 
the estimated reg~ession line, whereas this was not the case for 
linear or exponential relations. 
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Polynomial regression analysis shows that there were elements to 
the fifth power in the relationship between the nwnbers of stalk and 
spore cells, thereby verifying the argument that the relationship 
between these two cell types is not linear. 
The relationships between the numbers of spores and the numbers 
of basal disc cells and between the number of stalk cells and the 
number of basal disc cells were also examined by the methods outlined 
in section 2 . 2 . 2.4 . The distribution of the number of basal disc 
cells requires a logarithmic transformation to be normalised (Table 
2.1) . Therefore the relationship between the number of sp9res and the 
number of basal disc cells is represented thus, 
N 
sp 
-
= C + d log Nd , 2.2 
where Nd represents the number of basal disc cells and c and dare 
constants , the value of which is given in Table 2.2. Equation 2.2 is 
illustrated in Fig . 2 . 2c. Due to the logarithmic distribution of the 
numbers of stalk and basal disc cells, the relationship between these 
two cell types is represented as , 
log Nst = e+f log Nd, 2.3 
where e and fare constants, the value of which is given in Table 2.2, 
equation 2 . 3 is illustrated in Fig. 2 . 2d. Examination of the 
residuals of equations 2.2 and 2.3 and polynomial regression analysis 
verify that equations 2.2 and 2.3 fit the data better than linear 
equations. The spore and basal disc cell relationship fits equation 
2.2 better than an exponential relationship, whereas the stalk and 
basal disc cell relationship is better expressed as an exponential 
relationship than in an equation of the form of 2.2. 
2.3.2 Correlations between the Form of 
the Fruiting Body and Patterning 
' 
Some aspects of fruiting body form were examined for the 
following reasons: 
(i) to help evaluate some of the earlier work on cell 
patterning which used fruiting body dimensions to estimate 
differentiated cell ratios (Raper, 1935; Bonner and Eldredge, 1945; 
Hohl and Raper, 1964); 
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(ii) to possibly find a simpler procedure for estimating cell 
numbers, because the method presented in section 2.2 is very time 
consuming and laborious, and, although such a rigorous method is 
necessary to establish the nature of cell patterning in D. discoidewn, 
a quicker method is essential to screen the products of genetic 
crosses and to . enable the genetic analysis of patterning; 
~ 
(iii) to find possible relationships between form and patterning 
in order to elucidate the manner in which these two developmental 
processes are related to each other; and 
(iv) for comparison with the form of the P. pallidwn fruiting 
body (section 5.3.4). 
Only the stalk of the D. discoidewn fruiting body can really be 
said to have form. The sorus has its lemon shaped or spheroid form 
because, like a drop of water, it tends to minimise the forces acting 
on it. There is no obvious skeletal material supporting the sorus 
other than the top of the stalk. The form of the basal disc is only 
loosely defined, and, scanning electron microscopy shows that it is 
not ·confined by any membrane or sheath (Watts and Treffry , 1976). The 
form of the stalk is determined by the·stalk sheath, a rigid triple 
-layered structure which confines the stalk cells into the shape of a 
tall tapering cone (section 1.2.5). The base of the stalk is 
important, in a morphogenetic sense, because its diameter may reflect 
the diameter of the cellulose containing ring which initiates stalk 
sheath formation at the start of culmination (see section 1.2.5). 
Since the stalk is only one cell thick at the apex, the diameter of 
the top of the stalk was not considered as it was relatively constant. 
Therefore, only two parameters of the form of the stalk were examined, 
37 
viz. stalk height and the diameter of the stalk at its base. 
Fig. 2.3a shows the variation in stalk . height with total cell 
number. Stalk height was found to be normally distributed (X~
7 
=23.5, 
0.10 < P < 0. 25), which indicates that, under the conditions used in 
this study, the stalk height varies with total cell number·. Hohl and 
Raper (1964) also found stalk height to be normally distributed. This 
implies that stalk height ~snot a reflection of stalk cell number but 
is more closely correlated to total cell number. 
The diameter of the base of the stalk was neither normally 
distributed (X2 = 51. 0, P << 0. 01) nor log normally distributed 
1 7 . 
(X~ 7 = 36. 5, P < 0. 01). Fig. 2. 3b shows the variation in diameter of 
the base of the stalk with total cell number. The relationship 
between the diameter of the stalk base and total cell number is not 
linear but appears to have higher order components (particularly in 
fruiting bodies with more than 7 x 10 3 cells) . 
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bodies of strain X22, 
differentjated in the dark on 
Millipore filters at 22 °C 
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1977). 
2.4 DISCUSSION 
2.4.1 Variation of Cell Patterning 
with Fruiting Body Size 
The analysis of the relationship between the numbers of each 
differentiated cell type in fruiting bodies of strain X22, 
differentiated on Millipore filters in the dark at 22 °C, indicates 
that cell patterning can be expressed thus, 
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Nsp = (-14.4 ±O.l) x10 3 + (7.3 ±O.l) x10 3 log 10 Nst 2.4 
N = ( -8.5 ±0.1) x10 3 + (7.7 ±0.1) x10 3 log 10 Nd 2.5 sp 
log N - (1.19 ± 0.01) + lo st - 2. 6 · 
where the symbols mean the same ~s before (section 2.3.1). These 
equations are interdependent and an-y two of them are sufficient to 
describe cell patterning in strain X22. Using these equations, it is 
possible to predict the cell patterning of any X22 fruiting body. For 
example, taking a typical fruiting body containing 6546 ±327 cells 
(the mean fruiting body size is 6.1 x 10 3 cells), such a fruiting body 
has a sorus containing 5881 ± 294 spores, a stalk of 600 ± 30 cells and 
a basal disc containing 65 ± 3 cells. The percentages of stalk and 
basal disc cells in this fruiting body are 9. 2 ± 0. 5% and 0. 99 ± 0. 05% 
respectively . Suppose that this ag_gregate had divided into two 
approximately equal parts prior to culmination; such division can be 
caused artificially or can occur naturally (Raper, 1939) and, in fact, 
strain X22 has a high incidence of longitudinal splits at the slug 
stage. From equations 2. 4 and 2. 6, a fruiting body of 3309 ± 165 cells 
(approximately half of 6546 ± 327 cells) would have 3041 ± 152 spores, 
245 ± 12 stalk cells and 2 3 ± 1 basal disc cells, i.e. 7. 4 ± 0. 4% stalk 
and O. 70 ± 0. 03% basal disc cells. This means that by splitting into 
two smaller aggregates the cells of the larger aggregate can change 
their patterning. The size dependence of patterning can be 
illustrated further by assuming that two average sized aggregates 
coalesce, either artificially or naturally, prior to fruiting body 
formation . In a fruiting body of 13245 ± 662 cells (approximately 
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double 6546 cells) , 10405 ± 520 cells would be spores, 2500 ± 125 stalk 
cells and 340 ±17 basal disc cells. Such a _ fruiting body has 
18. 9 ± 0. 9% stalk cells and 2. 7 ± 0. 1% basal disc cells. Therefore, 
although a fruiting body of 13245 cells contains only approximately 
twice the number of cells of a fruiting bo.dy . of 6546 cells, it 
has approximately four times the number of stalk and basal disc cells. 
Very small - fruiting bodies have considerably different cell 
proportions than average sized fruiting bodies, e.g. a fruiting body 
of 308 ± 15 cells according to equations 2. 4 and 2. 6 would have a 
sorus of 200 ± 10 cells, a stalk of 100 ± 5 cells and a basal disc of 
8 ± 1 cells and be 32 ± 1. 6% stalk and 2. 5 ± 0. 13% basal disc. However, 
such aberrant cell proportions occur only in very small fruiting 
bodies containing less than 1000 cells. Fig. 2.4 shows the variation 
of percentage stalk with total cell number. This curve appears to 
illustrate two main effects, which are size dependent. One is 
apparent in very small fruiting bodies and results in an increase in 
percentage stalk, while the other, less dramatic, effect also results 
in an increase in the percentage stalk and occurs in larger fruiting 
bodies. 
2.4.2 Limits to Fruiting Body Size 
The curve in Fig. 2.4 is asymptotic to the Y axis which implies 
that the total cell number of a fruiting body cannot be in the range 
of zero to approximately one hundred; therefore, in strain X22 
differentiated as in section 2.2.2, there is a lower limit to fruiting 
body size which is probably significant to pat~ern theories. Although 
Bonner and Dodd (1962) and Sussman (1955) have obtained fruiting 
bodies containing less than one hundred cells: the former authors 
investigated D. mucoroides, D. purpureum and P. - pallidum but not 
D. discoideum fruiting bodies, whereas the latter author only obtained 
very small fruiting bodies from a mutant D. discoideum. The results 
give no theoretical upper limit to fruiting body size. The percentage 
will continue to increase as the total cell number increases, 
but there is no point at which the fruiting body consists of 
100% stalk cells. However, at very high cell numbers per aggregate 
Variation of the percentage of stalk cells with total cell number 
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(> 10 6 ), the percentage of stalk and basal disc cells is so high that 
fruiting body formation is practically impossible. Constraints on 
aggregate size will also provide a practical upper limit to fruiting 
body size. 
2.4.3 The Regulation of the Basal Disc 
The experiments of Raper (1940) discussed in section 1.2.5 
indicate that, because the cells which constitute the basal disc are . 
derived from a separate part of the aggregate from the stalk, in 
morphogenetic terms the basal disc is distinct from the stalk. Hence 
the basal disc should not be considered as part of the stalk if a 
complete understanding of the mechanism of morphogenesis in 
D. discoideum is to be achieved. Nor should this third cell type be 
ignored as many authors do by considering that D. discoideum has only 
two cell types (Farnsworth, 1975; _Du~ston, 1976; Town et al., 1976). 
The number of basal disc cells is regulated (section 2.3). In 
fact, as shown by the correlation coefficients of the relationship 
between stalk and basal disc cells (Table 2.2), this relationship is 
more tightly correlated than either the spore:stalk or spore:basai 
disc relationships (other strains exhibit this characteristic more 
clearly than strain X22, see Table 3.2 and Table 4.3). 
Furthermore, because the regression coefficient of equation 2.6 
is approximately one, the relationship between stalk and basal disc 
cells is almost size invariant, i.e. 
log N ~ e + 1 ( log Nd) 
st 
Therefore, 
where the symbols mean the same as before· (section 2. 3 .1) . 
Examination of the number of spore, stalk and basal disc cells 
calculated from equations 2.4, 2.5 and 2.6 given in section 2.4.1, 
confirms that the stalk to basal disc cell relationship is not as size 
dependent as the other differentiated cell relationships. 
These findings suggest that the relationship between stalk and 
basal disc cells ~s more tightly controlled _than the relationship of 
either cell type to spores and possibly is controlled by a different 
mechanism. This could be due to one or both of the following 
reasons: 
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(i) the structural stability of the fruiting body requires that 
the number of stalk and basal disc cells increase in a similar fashion 
and are closely correlated, or 
(ii) the number of stalk and basal disc cells may be dependent 
on some integrated signalling mechanism. 
The positions of the prestalk and the prebasal disc regions correspond 
to the positions of Wolpert's a 0 and a~ regions (see section 1.1.1.1). 
However, it is unlikely that the prestalk and predisc regions are a 0 
and a~ (see section 1.2.4.1) but it is more likely that the size of 
the prestalk and predisc region are directly related to the 
morphogenetic activity of a 0 and a 0. This idea is further discussed 
in Chapters 3 and 4. 
CHAPTER 3 
THE CONTROL OF CELL PATTERNING IN 
DICTYOSTELIUM DISCOIDEUM 
1. GENETIC AND ENVIRONMENTAL EFFECTS 
" One asks a question and gets an answer; then one asks 
the next question, and gets the next answer. _ An experiment 
is a device to make Nature speak intelligibly. After that 
one has only to listen" (G. Wald). 
3 . 1 INTRODUCTION 
In section 2.3 , it has been shown that cell patterning in 
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D. discoideum, strain X22, is not size invariant. In this chapter, 
other D. discoideum strains are examined in order to test whether the 
size dependent cell patterning found in strain X22 is common to 
D. discoideum , and also to carry out some preliminary genetic analys is 
of cell patterning. Two environmental factors were examined - light 
and temperature. As light and temperature exert an influence over the 
direction of slug movement, i.e. a D. discoideum slug will migrate 
towards light and up a thermal gradient (section 1.2.4.1), it is 
possible that these conditions affect later stages of morphogenesis 
such as cell patterning as well as migration. 
3.2 METHODS 
3.2.1 Conditions of Growth and Differentiation, 
and Cell Number Estimations 
D. discoi deum amoebae were grown and harve s ted as d e scribe d in 
section 2.2.1. Differentiation took p lace on Millipore filt e r s 
(prepared as in section 2.2.2.1), in the light or t h e dark (s e ction 
2.2.2.2). The temperatures, at which cell patte rning was e xamined, 
were 28.0 ±0.2 °C, 27.5 ±0.2 °C, 26.5 ±0.2 °C, 22.0 ±0.5 °C and 
18. O ± O. 5 °C. Cel·l number estimates were carried out as in section 
2.2.2.3 and the statistical procedures used on the cell number data 
are described in section 2.2.2.4. 
3.2.2 Strains 
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The strains studied were all haploids. Strains M28 (Katz and 
Sussman, 1972), NP14 (Williams et al., 1974), AX3 (Loomis, 1971) and 
X22 (section 2.2.3} are all derived from strain NC4 (mating type, Al), 
while strain NP73 (Williams, 1976) is derived froi;n strain Vl2 (mating 
type, A2). Strains NC4 and Vl2 are independent isolates from the 
wild. Strain X22 is a haploid segregant from the diploid DP4 (NP14 x 
M28) (Williams and Newell, 1976). Strain NP14 does not differentiate 
in the dark, although all other strains are capable of differentiation 
in both the light and the dark. 
3.2.3 Test for Quantised Data 
If preliminary examination of a variable (such as the numbers of 
a certain cell type) suggests that the variable is not continuous but 
quantised (i.e. restricted to certain values which occur at regular 
intervals) it is possible to test the hypothesis that the variable is 
quantised in the following manner. The averages of two groups of data 
suspected of belonging to adjacent quantum levels are calculated. The 
difference between these averages is an estimate of the quantum 
interval. Using this quantum interval, the quantum levels are 
calculated using equation 3.1, 
Q = B + nI , 
where Q = the quantum level, B = the lowest quantum level, I the 
quantum interval, and n is an intege"r. 
3.1 
The differences between the data points and the nearest quantum 
level are calculated. If the distribution of differences between the 
data points and the calculated quantum level is normally distributed 
around zero, the data is quantised. 
3.3 RESULTS 
3.3.1 The Effect of Genetic Differences 
on Cell Patterning 
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The statistical procedures described in section 2.2.2.4 were 
carried out on the cell number estimates of the strains described in 
section 3.2.2, to see whether the cell patterning of these strains is 
similar to that described in section 2.3 for strain X22. 
The distributions of the numbers of differentiated cell types in 
strains M28, differentiated in the dark, and strain NP14, 
differentiated in the light (strain NP14 is unable to differentiate in 
the dark) at 22 °C, are similar to the distributions of the 
differentiated cell types in strain X22 (section 2.3.1). The 
distribution of the number of spores is normal (0. 50 > P > 0 .10, for 
M28; 0. 75 > P > 0. 50, for NP14), whereas the distribution of the number 
of stalk cells is log normal (0.75 >P >0.50, for M28; 0.50 >P >0.10, 
for NP14), and the distribution of the numbers of basal cells is also 
log normal (0. 50 > P > 0.10 for both strains). This implies that the 
relationships between the differentiated cell types in strains M28 and 
NP14 follow equations of the form of 2 .1, 2 .. 2 and 2. 3 (section 
2.2.2.4) given in section 2.3.1 and reproduced below, 
N = a +b log N , 
sp st 2.1 
N = c+d log Nd I sp 2.2 
log N = 
st 
e+f log Nd . 2.3 
The meanings of the symbols are given in section 2.3.1. The values of 
. 
the constants a, b, c, d, e and f for strain M28 and NP14 are given in 
Table 3.1 (ii) and (v). Examination of residuals confirms that the 
cell number data from fruiting bodies of strains M28 and NP14 fits the 
equations given in Table 3.1 (ii) and (v). Equations describing the 
relationship between differentiated cell types in strain X22 
differentiated in the dark · [Table 3.1 (i)J and in the light [Table 3.1 
(iv)] are given for comparison with other strains. 
Table 3.1 
Equations describing the relationships of the differentiated cell types in different strains 
of D. discoidewn differentiated on Millipore filters 
Strain ( 1) N = a + b log N sp st 
aX10 3 bX10 3 p 
(2) N = c + d log Nd 
sp 
cX10 3 dX10 3 p 
( 3) log N = e + f log Nd 
st 
e f p 
n 
(i) X22 
(dark) -14. 4 ± 0. 1 7. 3 ± 0. 1 0. 81 -8.5 ±0.1 7.7 ±0.1 0.81 1.19 ±0.01 0.86 ±0.01 0.84 119 
( ii) M2 8 
(dark) -12 . 6 ± 0. 2 6. 4 ± 0 . 1 0. 82 -7.8 ±0.1 6.6 ±0.1 0.81 · 0.96 ±0.01 0.93 ±0.01 0.89 72 
(iii) AX3 
(dark) -9.2 ±o.4 4.1 ±0.1 o.58 -5.2 ±0.2 4.0 ±0.1 0.67 1.88 ±0.03 0.57 ±0.01 0.67 . 43 
(iv) X22 
(light) 
(v) NP14 
(light) 
- 7. 0 ± 0. 3 4. 0 ± 0. 1 0. 70 -3.6 ±0.2 4.5 ±O.l 0.64 0.90 ±Q.02 1.07 ±0.01 0.88 
-0.7 ±0 .3 1.2 ±O.l 0.37 -0.8 ±0.2 2.0 ±0.2 0.54 1.34 ±0.05 0.90 ±0.03 0.79 
Nsp = number of spores, Nst = number of stalk cells, Nd= number of basal disc cells in single fruiting 
bodies, a, b, c, d, e and fare constants and their values (with standard error) are given. p = the 
correlation coefficient, and n = the number of fruiting bodies in each sample. All logarithms are to the 
base 10. The mean fruiting body size was: (i) 6138, (ii) 7303, (iii) 5205, (iv) 6705, (v) 4650. 
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The distributions of the numbers of spore and stalk cells in 
. 
strain AX3 are normal (0. 90 > P > 0. 50) and log normal (O. 90 > P > 0. 50), 
respectively. The distribution of the basal disc cells in strain AX3 
is neither normal nor log normal (both normality and log normality 
could be accepted with O. 10 > P > 0. 05) . In fact, the number of basal 
disc cells in strain AX3 appears to be restricted to certain values, 
i.e. to be quantised. This was confirmed using the method outlined in 
section 3.2.3 (Fig. 3.1). The basal disc cell numbers of strain AX3 
fit into five quantum levels, with the lowest level at 75 cells and a 
quantum interval of 63 cells. 
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Fig. 3.1: Frequency distribution of the number of cells in the basal 
disc of fruiting bodies of strain AX3 about calculated quantum 
intervals. The numbers of basal disc cells tend to be clustered 
around a quantum level (zero deviat i on) . The quantum interval equals 
63. The fruiting bodies were differentiated on Millipore filters 
in the dark at 22 °C. 
Strain AX3 has another unusual characteristic; during the 
migratory stage, clumps of viable cells are left behind the slug in 
the slime track. This trait exists in a large class of axenic mutants, 
but is not related to axenicity per se, as axenic mutants which are 
not derived from AX3 do not exhibit this characteristic. The 
implications of the quantisation of the number of cells in the basal 
disc of strain AX3 and of the migratory peculiarity of AX3 related 
strains , are discussed in Chapter 7. 
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Examination of the residuals suggests that the relationships 
between the number of spore and stalk cells, and the number of spore 
and basal disc cells in strain AX3 fit equations 2.1 and 2.2 better 
than linear or exponential equations, whereas the relationship between 
the number of stalk and basal disc cells fits equation 2 ._3 better 
than a linear equation or an equation of the form of 2.1 or 2.2. The 
values of a, b, c, d, e and f for the equations describing the 
relationships between the differentiated cell types in strain AX3 are 
given in Table 3.1 (iii). 
In general, the relationships between the numbers of 
differentiated cell types in fruiting bodies of D. discoideum follow 
equations 2.1, 2.2 and 2.3. Howeve.r, the values of the constants a, 
b, c, d, e and fin these equations vary (Table 3.1). Therefore, cell 
patterning , in the D. discoideum strains examined, differs 
quantitatively but has the same type of size dependency. The only 
relationships which are statistically similar are equations 2.1 and 
2.2 for strains X22 and M28 (Rao test, 0.50 >P > 0.25). 
3.3.2 The Effect of Light on Cell Patterning 
The relationships between the differentiated cell types in 
fruiting bodies of strain X22 differentiated in the light can be 
described by equations of the form of 2.1, 2.2 and 2.3. The number of 
spores, from fruiting bodies of strain X22 differentiated in the light, 
are normally distributed ( 0. 50 > P > 0. 10) . The numbers of stalk cells 
are log normally distributed (O. 10 > P > 0. 05) , and the numbers of basal 
disc cells · are log normally distributed (0. 50 > P > 0.10). The values 
for the constants a, b, c, d, e and fin equations 2.1, 2.2 and 2.3 
are given in Table 3.1 (iv)). Light has the effect of decreasing the 
percentage of spores, e . g. a fruiting body of approximately 6000 cells 
comprises of approximately 91% spores in the dark and 82% spores in 
the light. All three relationships are statistically different in the 
light compared to the dark (Rao test; P << 0. 01). More stalk cells 
are produced in relation to the number of basal disc cells in the 
light compared to dark. 
3.3.3 The Effect of Temperature on Cell Patterning 
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The cell patterning of two strains of D. discoideum was examined 
at various temperatures. The strains were X22, which is derived from 
NC4, the type strain of D. discoideum, and strain NP73 which is 
derived from Vl2, a separate isolate from NC4. 
3.3.3.1 The effect of temperature on 
cell patterning in strain X22 
Cell number data from strain X22, differentiated at 18 °C, 22 °C 
and 26.5 °C in the dark, fits equations 2.1, 2.2 and 2.3, better than 
linear equations. The spore:stalk cell relationship and the spore: 
basal disc cell relationship fit an equation of the form of 2.1 and 
2.2 better than an exponential equation, while the stalk cell:basal 
disc cell relationship fits equation 2.3 better than an equation of 
the form of 2.1 or 2.2. The values of the constants a, b, c, d, e and 
f for strain X22 differentiated at different temperatures are given in 
Table 3.2. The relationship between_ the number of stalk and basal 
disc cells in strain X22 (Table 3.2) remains constant with temperature 
(Rao test; 0. 25 > P > 0 .10), whereas the relationship between the 
numbers of spores and stalk cells and between the numbers of spores 
and basal disc cells is different at each temperature (P < 0. 01). 
Because the relative proportions of stalk and basal disc cells do not 
vary, the effect of temperature on strain X22 can be treated as an 
effect on the percentage of spores in the fruiting body. Fig. 3.2a 
shows the variation in the spore percentage with temperature in strain 
X22. In contrast to the findings of Bonner and Slifkin (1949), and 
Farnsworth (1975) (see section 2.1), the percentage of spores does 
not necessarily increase with temperature. In the case of strain X22, 
the percentage of spores is greatest at approximately 22 °C and less 
at both 18 °C and 26 . 5 °C. Strain X22 will not differentiate above 
26 . 5 °C . 
Temp 
( o C) 
18 
22 
26.5 
Table 3.2 
The equations relating the different cell types in fruiting bodies of strain X22 
differentiated at 18°, 22° and 26.5 °C in the dark on Millipore filters 
( 1) N = a + b log N t (2) N = c + d log N (3) log N st = e + f log Nd sp s sp d 
a X 10 3 b X 10 3 p C X 10 3 _ d x.10 3 p e f p 
-13.5 ± 0.5 6.4±0.2 0.65 -9.0±0.4 6.7±0.2 0.64 1. 36 ± 0. 04 0.76±0.01 0.73 
-14.4 ± 0.1 7.3 ± 0.1 0.81 -8.5 ±O.l 7.7±0.1 0.81 1.19 ± 0.01 0.86±0.01 0.84 
-8. 5 ± 0. 1 4.1 ± 0.l 0.68 -4.2±0.2 3.8 ±0.1 0.58 1.12 ±0.02 0.88 ±0.01 0.82 
n 
51 
119 
50 
Ns = the numb e rs qf spores, Nst = the number of stalk cells, and Nd= the number of basal disc cells. 
n ~ the number of fruiting bodies in each sample. The values of the constants a, b, c, d, e and f 
(with standard e rror) and the value of p, the correlation coefficient, are given. Equations (1) and 
(2) are all statistically different at each temperature (P <0.01 or less), whereas equation (3) is th~ 
s tatistically indistinguishable at the three temperatures (P >0.10 or greater). 
V1 
0 
3.3.3.2 The effect of temperature on 
cell patterning in strain NP73 
Temperature affects the cell patterning of strain NP73 in two 
ways: 
(i) the percentage of spores changes at each temperature , and 
(ii) at high temperatures, equations 2.1, 2.2 and 2.3 are 
followed, while at lower temperatures, the size dependence of cell 
patterning is less easily defined. 
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Cell number data from fruiting bodies of strain NP73 
differentiated at 26.5 °C and 27.5 °C follow equations 2.1, 2.2 and 
2.3 (section 2.3.1), and the value of the constants a, b, c, d, e and 
f for strain NP73 at these temperatures are given in Table 3.3. Also 
included in Table 3.3, for comparison with the results obtained at 
26.5 °C and 27.5 °C, are equations 2.1, 2.2 and ·2.3 for fruiting 
bodies of strain NP73 differentiated at 18 °C and 22 °C. These 
equations may not fully describe cell patterning in this strain at 
. lower temperatures (see later in this section). The stalk:basal disc 
cell relationships in strain NP73 at 26.5 °C and 27.5 °Care 
statistically similar (Rao test; O. 75 > P > 0. 50) and therefore 
temperature can be related to the effect on the spore percentage. 
Spore percentage in strain NP73, is in direct proportion to 
temperature (Fig. 3.2b). 
· In fruiting bodies differentiated at 18 °C and 22 °C, the spore: 
stalk cell relationship and the spore:basal disc cell relationship fit 
linear and exponential equations, and equations of the form of 2.1 
with approximately equal ease. For example, the relationship between 
spore and stalk cells at 18 °Chas a correlation coefficient of 0.594 
for a linear equation, 0.586 for an exponential equation, and 0.590 
for equation 2.1. 
The nature of the relationship between the number of stalk and 
basal disc cells at 18 °C is difficult to define. Although equations 
of the form of 2.1 do not fit the stalk and basal disc cell data 
(examination of residuals), linear and exponential equations fit the 
data equally well. The correlation coeffi~ients for line ar and 
Temp. 
( oc) 
18.0* 
22.0* 
26.5 
27 .5 
Table 3.3 
The equations relating to the different cells types in fruiting bodies of strain NP73 
differentiated at 18.0 °C, 22.0 °C, 26.5 °C and 27.5 °C in the dark on Millipore filters 
(2) N (3) ( 1) N = a + b log N t = c + d log N log N st = e + f log Nd 
sp s sp d 
a X 10 3 b X 10 3 p C X 10 3 d X 10 3 p e f p 
-12. 2 ± 0. 6 5.4 ±0 .6 0.59 -8.5 ±o.5 6.4±0.2 0;58 1.11 ± 0. 04 0. 99 ± 0. 02 0.83 
-12.4 ± 0.2 5.8 ±O.l 0.79 -8.7±0.2 6.4 ±O.l 0.79 0. 90 ± 0. 02 0.99±0.02 0.90 
-15. 6 ± 0. 3 7.3 ±O.l 0.81 -9.7 ±0 .2 7.4 ±O .l 0.79 0.84 ±0 .01 1.00 ±0.01 0.96 
-23.9 ± 0.4 10. 7 ± 0. 1 0.87 -16. 2 ± 0. 4 11.6±0."2 0.80 0. 82 ± 0. 03 1.03±0.01 0.87 
r 
n 
40 
58 
54 
50 
Ns = the number of spores, Nst = the number of stalk cells, and Na= the number of disc cells. The 
values of the constants a, b, c, d, e and f (with standard error), n, the number of fruiting bodies in 
the sample, and p , the correlation coefficient, are given. All logarithms are tG the base 10. 
* It has not been statistically shown that equations (1) and (2) at 18 °C and 22 °Care the best fit 
for the data. 
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Fig. 3.2: Variation of the average percentage spore with temperature 
of fruiting bodies of: ( a) strain X2.2 , and (b) strain NP7 3, 
differentiated in the dark on Millipore filters. 
exponential equations are both high - and approximately equal (i.e. 0.82 
for a linear equation, 0.83 for an exponential equation). At 22 °C, 
the relationship between the number of stalk cells and the number of 
basal disc cells is exponential (examination of residuals). There are 
two possible explanations, which are not mutually exclusive, for this 
effect of temperature on the size dependence of cell patterning in 
strain NP73: 
(i) the mechanism of cell patterning in strain NP73 at 18 °C 
may .differ from that at 26.5 °C, 
(ii) a high variability in the proportioning of spore, stalk and 
basal disc cells may result in the relationships between these cell 
types fitting alternative equations equally well. Variability in cell 
patterning is examined in the next section. 
There is some evidence to support point (i). The distribution of 
the number of stalk cells in fruiting bodies of strain NP73 
differentiated at 18 °C fits into 10 quantum levels with the lowest 
level at 611 cells, and an interval of 512 cells [Fig. 3.3 (se e 
section 3.2.3 for method of verifying that data is quantised)]. The 
distribution of spores and basal disc cells in fruiting bodies of 
strain NP73 at 18 °C does not appear to be quantised. At 22 °C , 
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Fig. 3.3: Frequency distribution of the number of c e lls in the s talk 
of a fruiting body of strain NP73, differentiated at 18 °C, about 
calculated quantum levels. The numbers of stalk cells tend to 
cluster around a quantum level (zero deviation). Th e quantum inte rval 
equals 512. 
quantum levels in the distribution of stalk cells are difficult to 
distinguish, while at higher temperatu{es (26.5 °C and 27.5 °C) the 
distribution of the numbers of stalk cells per fruiting body is 
continuous and log normally distributed. This implies that a change 
occurs in the cell patterning of strain NP73 which is either dependent 
on temperature or, because temperature ,is directly correlated with 
percentage of stalk cells, is related to the percentage of stalk cells 
per fruiting body (Fig. 3.2b). The quantisation of the stalk cell 
distribution of strain NP73 at 18 °C, which has not been found to 
occur in other strains, is discus s e d in Chapter 7. 
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3.3.4 The Variability of Cell Patterning 
It was suggested that the task of defining cell patterning in 
strain NP73 at 18 °C and 22 °C is complicated because there appears to 
be a high degree of variability in the relationships between spores 
and stalk cells and spores and basal disc cells. This 
variability can be estimated by the inverse of the correlation 
coefficient and does not appear to be an effect of temperature, but 
rather appears to be correlated with increased percentage stalk (see 
error bars Fig. 3.2a and b). Figs. ?·4a, band c illustrate the 
relationships between the average percentage stalk cells per fruiting 
body and the inverse of the correlation coefficient of: (a) equation 
2.1 which relates spore and stalk cell numbers; (b) equation 2.2 
which relates spore and basal disc cell numbers; and (c) equation 2.3 
which relates stalk and basal disc cell numbers. This ,data was 
obtained from strain X22 differentiated in the light at 22 °C, and in 
the dark at 18 °C, 22 °C and 26.5 °C, strain NP73 differentiated in 
the dark at 18 °C, 22 °C, 26.5 °C and 27.5 °C, strains AX3 and M28 
differentiated in the dark at 22 °C, and strain NP14 differentiated in 
the light at 22 °C. 
As shown in Figs. 3.4a, band c, the spore:stalk cell and spore: 
basal disc cell relationships are more affected by a change in 
percentage stalk than is the stalk:basal disc relationship. The 
relationships illustrated in Figs. 3.4a, band c do not appear to be 
linear. However, as there are only eleven points on each curve, the 
exact nature of the relationship is difficult to define, and therefore 
a non-parametric test was used to estimate the correlation between 
percentage stalk and variability. Spearman's rank correlation 
coefficients for the relationships shown in Figs. 3.4a, band c, equal 
0.907, 0.839 and 0.575 respectively. The percentage of stalk cells is 
more tightly correlated to the inverse of the correlation coefficient 
of equation 2.2 (the relationship between spore and basal disc cell) 
than is the percentage of basal disc cells (Spearman's rank 
coefficient= 0.839 compared to 0.526). 
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Fig. 3.4: The relationship between the 
percentage stalk over total cells and 
the inverse of the correlation 
coefficient of: (a) equation 2.1 
relat~ng spore and stalk cells; 
(b) equation 2.2 relating spore and 
basal disc cells; and (c) equation 2.3 
relating stalk and basal disc cells. 
The data was collected from the 
following strains differentiated on 
Millipore filters: X22 differenitated 
at 22 °C in the dark and in the light, 
and differentiated at 18 °C and 26.5 °C 
1.0 '----'--- -'--~-~-~ 
in the dark , strain NP73 differentiated 
at 18 °C, 22 °C, 26.5 °C and 27.5 °C, 
and strains M28 and AX3 differentiated 
10 14 18 22 26 30 
% STALK / TOTAL CELLS in the dark at 22 °C, and strain NP14 
differentiated in the light at 22 °C. 
3. 4 DISCUSSION 
3.4 . 1 Cell Patterning as a Hereditary Trait 
Genetic analysis of cell patterning is essential in order to 
completely understand the control of morphogenesis. The relationships 
between the number of spore cells and the nwnber of stalk cells in 
strains X22 and M28 are statistically similar, although the relation-
ships between the number of spores and basal disc cells and the 
nwnber of stalk and basal disc cells are not statistically the same 
(Table 3 . 1) . Strain M28 is one of the two parent strains forming the 
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diploid DP4, from which strain X22 is a haploid segregant. The other 
parent strain is NP14 which requires light fo'r differentiation. 
Strain X22 contains a random assortment of the linkage groups 
(chromosomes) from both parental strains. Strains X22 and M28 share 
at least one common linkage group (I) and differ in at least two 
linkage groups (II and IV) (Williams and Newell, 1976). All 
differentiated cell relationships in strain NP14 are statistically 
different from those of strain X22 differentiated in the light (Table 
3.1). These results imply that the genes controlling cell patterning 
do not reside on a single chromosome, since strain X22 does not 
inherit the complete cell patterning of either parent. Information 
defining the spore:stalk relationship may be confined to a single 
chromosome because strain X22 and strain M28 have the same spore:stalk 
relationship. However , it is likely that they have more than one 
linkage group in common. 
Information for the stalk:basal disc relationship is not confined 
to a single linkage group as strain X22 has a s ·talk:basal disc 
relationship which is dissimilar to that of either parent. 
3.4 . 2 The Photosensitivity of Cell Patterning 
In the absence of migration, aggregates of D. discoidewn 
differentiated .on Millipore filters in the presence of light, produce 
mar~ stalk cells than aggregates differentiated in the dark. Light 
does not dramatically affect the size of the aggregates in strain X22 
(see Table 3.1). All relationships between the numbers of 
differentiated cells are quantitatively affected by light. The 
proportions of stalk and basal disc cells are increased at the expense 
of spore proportions in the light , and the proportion of stalk cells 
increases more than the proportion of basal disc cells. Photo-
sensitive pigments have been isolated from D. discoidewn amoebae (Poff 
et al., 1974). These pigments possibly have a role not only in 
directing a slug's migration but also in controlling the cell 
patterning mechanism. 
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3.4.3 The Thermosensitivity of Cell Patterning 
The percentage of spores in strain NP73 increases linearly with 
temperature. It has already been suggested that the mechanism of cell 
patterning in strain NP73 may change between 18 °C and 26.5 °C 
(section 3.3.3.2). However, this change may not be directly due to 
the change in temperature but may depend on the differences in stalk 
and basal disc cell percentages. In strain X22, the percentage of 
spores does not linearly increase with temperature. Strain X22 
carries two mutations (tsgD and tsgE) which result in vegetative 
growth being temperature sensitive. One possible explanation for the 
decreased spore percentage in strain X22 at 26.5 °C is that one or 
both of these mutations could be involved not only in vegetative 
growth .but also in cell proportioning. 
3.4.4 Variability in Cell Patterning 
Variability in cell patterning increases with increased stalk 
cell proportions. All relationships between differentiated cell types 
are affected, although the stalk:basal disc relationship is least 
affected. It has been suggested in section 2.4.3 that the number of 
stalk cells and the number of basal disc cells may be directly 
correlated to the morphogenetic activity of the poles of a bipolar 
field. The comparative stability of the stalk:basal disc relationship 
sup~orts this hypothesis. Furthermore, the fact that the percentage 
of stalk cells is more closely correlated to the variability of the 
spore:basal disc relationship than is the percentage of basal disc 
cells suggests that the tip of the aggregate is the dominant region. 
Therefore, the tip is likely to contra~ the activity of the tail 
region and hence indirectly control the number o~ basal disc cells. 
The relationships between spores and stalk cells, and between 
spores and basal disc cells are far more variable t h an the 
r e lationship b e tween s talk and basa l d i sc cells, and t h is variability 
increases with the percentage of stalk cells. Two explanations are 
suggested. 
(i) The signal emitted by t h e tip may become more diffuse as 
the "distance" between the tip and the boundary between prespore and 
prestalk cells, and the tail and the boundary between prespore and . 
prebasal disc cells increases. "Distance" in this instance does not 
necessarily imply the linear distance, but is probably measured in 
units such as cell numbers or cell surface area (see Chapter 4). 
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(ii) The differentiation of each stalk and basal disc cell may 
be associated with a certain probability (i.e. if a cell is positioned 
in the prestalk region· it has a high probability, but not a certainty, 
of becoming a stalk cell). If this was so, the variation in the 
relationships between stalk cells and spores , and between basal disc 
cells and spores would increase as the proportion . of stalk and basal 
disc cells increases . 
CHAPTER 4 
THE CONTROL OF CELL PATTERNIHG IN 
DICTYOSTELIUM DISCOIDEUM 
2. COMPARING ISOGENIC HAPLOID AND DIPLOID STRAINS 
"The world thus appears as a compli'cated tissue of 
events~ in which connections of different kinds alternate or 
overlap or combine and thereby determine the texture of the 
whole" (W. Heisenberg). 
4.1 INTRODUCTION 
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Having obtained a quantitative assay for cell patterning (section 
2.3), it is possible to use this approach to probe the control of cell 
patterning by testing the effect of certain variables. In this 
chapter, the effect of changing the level of ploidy is examined in 
D. discoideum. Both haploid and diploid strains of D. discoideum have 
the same asexual life cycle and form typical asexual fruiting bodies 
(Ross, 1960) • Because different strains 
of D. discoideum have quanti'tatively different cell patterning 
(section 3.3.1), each haploid strain is only compared to its 
corresponding isogenic diploid strain. Isogenic diploid str~ins have 
qualitatively the same genetic material as their corresponding haploid 
strains, but each diploid cell contains fourteen chromosomes, while 
the haploid cell contains seven chromosomes (Wilson and Ross, 1957; 
Brody and Williams, 1974). 
Because diploidisation is a rare event, strong selective methods 
are normally used to obtain diploid strains. Such methods depend on 
using haploid strains which differ genetically, and therefore cannot 
be used to isolate isogenic diploids. The isolation of isogenic 
diploids, which presumably arise from either cell fusion or 
endomitosis, followed by karyogamy, is a matter of chance (but see 
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Sussman, 1964). Three sets of isogenic haploid and diploid strains 
have been recently isolated by Dr K.L. Williams. These strains have 
been examined to see if isogenic haploids and their diploids have the 
same cell patterning. 
4.2 METHODS 
4.2.1 Growth and Differentiation Conditions 
and Cell Number Estimations 
Amoebae were grown and harvested as described in section 2.2.1. 
Differentiation was carried out on Millipore filters (prepared as in 
section 2.2.2.1) in the dark at 22.0 ±0.5 °C (section 2.2.2.2). Cell 
number estimates were carried out as in section 2.2.2.3, and the 
statistical procesures used on the cell number data are described in 
section 2.2.2.4. 
4.2.2 Strains 
The strains of D. discoideum used irt this study, their origins 
and the wild isolates from which they were derived are shown in Table 
4.1. 
4.2.3 Volumetric Estimation 
Known numbers of amoebae or spores from each strain were 
centrifuged in capillary tubes in a haematocrit centrifuge. From the 
length of the pellet, and the- number of cells in the suspension, the 
volume of the spores . and of the amoebae were estimated. Fourteen 
samples of both spores and amoebae from each strain were examined. 
4.3 RESULTS 
4.3.l Comparative Volumes of Haploid and Diploid Cells 
The packed cell volume of the spores and amoebae of each haploid 
Table 4.1 
Haploid and isogenic diploid strains of Dictyostelium discoideum 
Haploid 
strain 
HU127 
NP73 
X22 
Source 
1 
2 
3 
Parental 
wild 
isolate 
NC4/Vl2 
Vl2 
NC4 
I . * ~ogenic 
diploid 
DU310 
DP62 
DU162 
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1. Derived as a haploid segregant from a cross of an NC4 derived 
strain with a Vl2 derived strain (Robson and Williams, in 
preparation). Strain HU127 contains linkage group II of the Vl2 
parent and linkage group IV of the NC4 parent. The other linkage 
groups are not marked. 
2. Williams (1976). 
3. Williams and Newell (1976). 
* The isogenic diploids were obtained, by chance, from platings of 
haploid strains. 
strain and its isogenic diploid strain was compared. In all cases, 
the diploid cell volume is twice that of the haploid cell, within 
experimental error (Table 4.2). As this is true of both amoebae and 
spores, it can be concluded that differentiation did not alter the 
volume ratio between haploids and diploids. 
Table 4.2 
The mean volume in µm 3 , with standard error, 
of haploid 1 and diploid 2 spores and amoebae, obtained by centrifuging 
a known number of cells in a haematocrit centrifuge 
Strain 
Amoebae 
Spores 
HU127 1 
222 ± 75 
124 ± 38 
DU310 2 
407 ± 66 
222 ± 70 
NP73 1 
253 ± 45 
104 ± 7 
384 ± 25 
197 ± 26 
215 ± 31 
79 ± 7 
DU162 2 
447 ± 14 
188 ± 13 
The values given in this table are likely to be underestimates of 
the true cell volume due to cell lysis and compaction during 
centrifugation. 
4.3.2 Quantitative Description of Cell Patterning 
in Haploid , and Diploid Strains 
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After analysing the cell number data by the first two statistical 
procedures given in section 2.2.2.4, it was found that cell patterning 
in the haploid strains HU127, NP73 and X22 and the diploid strains 
DU310, DP62 and DU162 can be described by equations 2.1, 2.2 and 2.3: 
N = a +b log N 
sp st 2.1 
N = C + d log Nd sp 2.2 
log Nst e + ·f log Nd. 2.3 
Symbols have the same meaning as those used in section 2.3.1. 
In the case of strains HU127, X22, DU310 and DU162, these 
equations fit the data better than linear equations. Equations 2.1 
and 2.2 fit the spore:stalk and spore:basal disc data better than an 
exponential equation , while equation 2.3 fits the stalk:basal disc 
data better than an equation of the form of 2.1 or 2.2. In the case 
of the relationship between the number of spores and stalk cells and 
the number of spores and basal disc cells in strains NP73 and DP62, 
linear equations, exponential equations and equations of the form of 
2.1 or 2.2 fit the data with approximately equal ease (see section 
3.3.3.2 for discussion on the cell patterning of strain NP73). The 
relationships between differentiated cell types in strains NP73 and 
DP62 are expressed in the form of · equations 2.1, 2.2 and 2.3 for three 
reasons: 
(a) at temperatures of 26.5 °C and above, strain NP73 fits 
equations 2.1 and 2.2 (section 3.3.3.2)"; 
(b) the stalk and basal disc cell numbers fit equation 2.3 
better than a linear equation or an equation of the form of 2.1 or 2.2; 
(c) to aid comparison with other strains. 
4.3.3 Quantitative Differences in t he Cell Patterning 
of Isogenic Haploid and Diploid Strall1;S 
4.3.3.l Comparison of strains HU127 and DU310 
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Strain HU127 and its isogenic diploid strain DU310 have genetic 
components from both NC4 and Vl2 derived strains (see Table 4.1). The · 
values of the constants a, b, c, d, e and f of equations 2.1, 2.2 and 
2.3 for strains HU127 and DU310 are given in Table 4.3 (i). Equations 
2.1, 2~2 and 2.3 in the haploid HU127 are different from the diploid 
DU310 (Rao test for equality of regression means, P <0.05). To help 
visualise the difference between cell patterning in the haploid and 
diploid strain, equations 2.1, 2.2 and 2.3 for strains HU127 and DU310 
are illustrated in Fig. 4.lA, Band C. 
The regression coefficients, band d, of equations 2.1 and 2.2 
for strains HU127 and DU310, are not detectably different (Table 4.3 
(i)), the refore their ratio is 1 and hence the lines in Fig . 4.lA and B, 
illustrating equations 2.1 and 2.2 in strains HU127 and DU310, are 
parallel (i.e. the difference in equations 2.1 and 2.2 in strains 
HU127 and DU310 is constant). From Fig. 4.lA and Band Table 4.4, it 
can be seen that the diploid strain has a higher proportion of stalk 
and basal disc cells than the haploid strain. In Fig. 4.lC, which 
illustrates equation 2.3 for strains HU127 and DU310, the diploid can 
be seen to have proportionately more basal disc cells compared to 
stalk cells than the haploid over the size range actually measured 
(see Table 4.4 for average proportions). It can also be seen that 
over the size range tested, the relationships between stalk and ·basal 
disc cells in strains HU127 and DU310 are diverging (Fig. 4.lC). The 
diploid has a greater proportion of basal disc cells compared to t h e 
haploid at high basal disc and stalk cell numbers than at low basal 
disc and stalk cell numbers. 
4.3.3.2 Comparison of strains NP73 and DP62 
Strains NP73 and DP62 are derived from the isolate Vl2 (Table 
4.1). As with strains HU127 and DU310, the cell p atterning of the 
isogenic diploid strain DP62 is different from that of the haploid 
Table 4.3 
The equations describing the relationships between differentiated cell types in 
(i) strains HU127 and DU310, (ii) strains NP73 and DP62, and (iii) strains X22 and DU162 
( 1) N = a + b log N (2) N - · C + d log Nd (3) log N = e + f log N Strain sp st sp st d n 
a X 10 3 b X 10 3 p C X 10 3 d X 10 3 p e f p 
(i) HU127 1 -9. 3 ± 0. 5 4.5 ±0.2 0.59 -8.5 ±0.4 5.7±0.2 0.59 1.13 ±0.03 0. 86 ± 0. 01 0.79 50 
DU310 2 -10.3 ±0.3 4.5 ±O .l 0.67 -9. 5 ± 0. 3 5.6 ±O.l 0.66 0. 69 ± 0. 04 1.04 ± 0. 02 0.81 50 
(ii) *NP73 1 -12. 4 ± 0. 2 5.8 ±0 .l 0.79 -8. 7 ± 0. 2 6.4 ±0 .1 0.79 0. 90 ± 0. 02 0.99 ±0.01 0.90 58 
*DP62 2 -15. 1 ± 0. 3 6.1 ±0.l 0.77 -11.7 ±0 .3 6.7 '±0.1 0.70 0.72±0.03 1.02 ±0.01 0.85 50 
(iii) X22 1 -14. 4 ± 0. 1 7.3 ±0.l 0.81 -8.5 ±O.l 7.7±0.l 0.81 1.19±0.01 0.86 ±0 .01 0.84 119 
DU162 2 -8.6±0.2 4.6 ±O.l 0.80 -5.5 ±0.3 4.7±0.l 0.66 0.53 ±0.03 1. 08 ± 0. 01 . 0. 89 40 
Nsp = the number of spores; Nst = the number of stalk cells; and Nd equals the number of basal disc cells. 
The values of a, b,' c, d, e and f (and standard error), P, the correlation coef_ficient, and n, the number 
of fruiting bodies in the sample, are given. 
1 
= a haploid strain. 
2 d' l 'd . = a ip 01 strain. 
* It has not been shown that equations (1) and (2) are the best fit for the spore:stalk cell and spore: 
basal disc cell relationships in these strains. 
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Fig. 4.1: The relationships between differentiated cell numbers 1n 
fruiting bodies of strains HU127 and DU310. Fruiting bodies were 
differentiated at known densities on Millipore filters at 
22.0 ±0 .5 °C in the dark. 
The relationship between (A) the number of spores and the 
logarithm of the number of stalk cells; (D) the number of spores 
and the logarithm of the number of basal disc cells; (C) the 
logarithm of the number of stalk cells and the logarithm of the 
number of basal disc cells. Brackets enclose the actual size 
range tested. 
NP73 strain . Equations 2.1, 2.2 and 2.3 (given in Table 4.3 (ii)) for 
strains NP73 and DP62 are statistically different., and are illustrated 
in Fig. 4.2A, Band c. The regression coefficients of equations 2.1, 
2.2 and 2 .3 in the haploid and diploid strain are approximately equal, 
and therefore the ratio of the regression coefficients for each 
differentiated cell relationship is approximately unity. Hence the 
Strain 
HU127 1 
DU310 2 
NP73 1 
DP62 2 
X22 1 
DU162 2 
Table 4.4 
The average percentage of spores, stalk cells and basal disc cells 
for haploids 1 and their isogenic diploids 2 
Spore Stalk cell Basal disc cell Average number of 
percentage percentage percentage cells/fruiting body 
71.5 24.5 4.0 6819 ± 339 
66.0 29.1 4.9 6170 ± 395 
76.7 20.5 2.7 6963 ± 408 
68.0 27.2 4.8 5960 ± 406 
87.0 11.6 1.4 6139 ± 353 
84.9 12.4 2.6 4341 ± 308 
In every case, the spore, stalk cell, and basal disc cell percentages of the 
haploid strain were statistically different from those of the isogenic diploid 
strain (P <0 .05). The average number of differentiated cells per fruiting body 
(± standard error)- for each strain is given in the final column. Although cell 
patterning is not size invariant, averages of the percentage of each c~ll type in 
haploid and diploid can be compared if the population of fruiting bodies from 
haploid and diploid strains are statistically similar as regards cell numbers. The 
fruiting body samples of strains HU127 and DU310 and strains NP73 and DU162 are 
statistically similar (0.50 >p >Q.10); however, the fruiting body samples of strains 
X22 and DU162 are not (P <0.05). This is not due to a sampling error. The size 
range of fruiting bodies in strain DU162 is not as extensive as in strain X22. 
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Fig. 4.2: The relationships between differentiated cell numbers in 
fruiting bodies of strains NP73 and DP62. Fruiting bodies 
differentiated as in Fig. 4.1. 
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The relationship between (A) the number of spores and the 
logarithm of the number of stalk cells; (B) the number of spores 
and the logarithm of the number of basal disc cells; (C) the 
logarithm of the number of stalk cells and the logarithm of the 
number of basal disc cells. Brackets enclose the actual size 
range tested. 
lines in Fig. 4.2A, Band Care parallel which implies that the 
difference between haploid and diploid cell patterning· is constant. 
As with strains HU127 and DU310, the diploid DP62 has more stalk and 
basal disc cells than the haploid NP73 and the proportionate increase 
in basal disc cells is greater than the increase in stalk cells (Figs. 
4.2A, Band Table 4.4). 
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4.3.3.3 Comparison of strains X22 and DU162 
Strains X22 and DU162 are derived from strain NC4 (Table 4.1). 
As with other pairs of haploids and isogenic diploids, cell patterning 
in the haploid strain X22 is different from that of its isogenic 
diploid strain DU162 (Table 4.3(iii)). However, as can be seen from 
Table 4.3(iii) and Fig. 4.3A and B, unlike the other haploid-diploid 
pairs, the regression coefficients of equations 2.1 and 2.2 are not 
similar in the haploid and the diploid (i.e. their ratios do not equal 
1 but equal 1.59 and 1.64 respectively). Therefore, the differences 
in the proportions of spore and stalk cells and spore and basal disc 
cells in the haploid and diploid strain are not constant but vary with 
size. (The lines in Fig. 4.3A and Bare not parallel.) At ·1ow cell 
numbers , the differences in the spore:stalk proportions and the spore: 
basal disc proportions between X22 and DU162 are small but these 
differences increase at higher cell numbers. In common with the other 
strains , the diploid has more stalk and basal disc cells than the 
haploid (Fig . 4.3A and B, Table 4.4). 
In Fig. 4.3C, the relationships between stalk and basal disc 
cells in strains X22 and DU162 are illustrated. The relationships in 
X22 and DU162 are converging over the tested size range, rather than 
diverging as in strains HU127 and DU310, or parallel as in strains 
NP73 and DP62 (Fig . 4.3C compared to Figs. 4.lC and 4.2C). The 
diploid DU162 has proportionately more basal disc cells compared to 
stalk cells than has the haploid X22 (Fig. 4.3C and Table 4.4). 
A further difference between strains X22 and DU162 and the other 
strains is that the mean total cell number per fruiting body is 
significantly smaller in strain DU162 \han in strain X22, and the 
fruiting body populations of these ·strains cannot be considered 
similar (P < 0. 05). In strains HU127 and DU310, and strains NP73 and 
DP62, the haploid and diploid fruiting body populations are 
statistically similar ( 0. 50 > P > 0. 05) , al though both DU 310 and DP62 
fruiting bodies contain on average fewer cells than their 
corresponding haploid fruiting bodies (Table 4.4). 
A 
V') 
ex: 
UJ 
co 10,000 ~ 
:) 
z 
UJ 
ex: 
0 
a.. 
V') 
0 l 
LOG 
B 
/ 
/ 
/ 
/ 
/ 10,000 / 
/ 
/ y 
/ 
/ 
// DU162 
/ 
0 
2 3 A 5 0 
STALK CELL NUMBERS LOG 
5 
....J 
....J 3 
UJ 
u 
~ 
....J 
< 2 
~ 
V') 
c., 
0 
....J 
C 
/ 
/ 
/ 
/ 
X22 /1' 
/ 
//DU162 
;/ 
/ 
7 
/ 
/ 
2 3 4 
/ 
/ 
/ 
/ 
/ 
/ 
/ 
.a/ 
/ 
/ 
// DU162 
/ 
{ 
l 2 3 4 
DISC CELL NUMBERS 
LOG DISC CELL NUMBERS 
/ 
Fig. 4.3: The relationships between differentiated cell numbers in 
fruiting bodies of strains X22 and DU162. Fruiting bodies 
differentiated under same conditions as Fig. 4.1. 
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The relationship between (A) the number of spores and the 
logarithm of the number of stalk cells; (B) the number of spores 
and the logarithm of the numbe r of basal disc c e lls; (C) t he loga ri t hm 
of the number of stalk cells and the logarithm of the number of 
basal disc cells. Brackets enclose the actual size range tested. 
4.4 DISCUSSION 
Cell patterning in isogenic diploid strains has been shown to be 
significantly different from the cell patterning of haploid strains. 
Every diploid strain examined has a higher percentage of stalk and 
basal disc cells, and proportionately more basal disc cells compared 
to stalk cells, than the corresponding haploid strain . In this 
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section, certain parameters of haploid and diploid cells are compared 
' and a hypothetical mod~l of differentiating -haploid and diploid 
aggregates is introduced to explain the differences in cell patterning. 
4.4.1 A Model of Cell Patterning in D. discoidewn 
4.4.1.1 Cell volume and surface area 
of haploids and diploids 
The diploid cell has twice the volume of the haploid cell (Table 
4.2) and twice the genetic material (Ross, 1960). However, not all 
properties of the diploid cell are scaled by a factor of two compared 
to the haploid cell. The surface area of the diploid cell is less 
than twice that of the haploid cell. If it is assumed that a haploid 
cell has volume V, a diploid cell then has volume 2V. Because volume 
is a cubic function of length, and surface area is a quadratic 
function of length, the diploid cell has 2 213 or 1.59 times as much 
surface area as the haploid cell. 
4.4.1.2 Signalling and receiving in 
haploid and diploid aggregates 
Throughout the following discussion, it is assumed that a signal 
is necessary for stalk and basal disc cell differentiation. There is 
some experimental evidence to support this assumption. For example, 
high concentrations of cAMP (a likely morphogen, see section 1.2.3.2) 
cause undifferentiated amoebae to differentiate into stalk-like or 
basal disc-like cells without aggregating (Bonner, 1970). Moreover, 
stalk cells are derived from that portton of the slug which is 
directly behind the tip. The tip is believed to- control the 
differentiating aggregate (see section 1.2.4.1). Town and Stanford 
(1977) show that an amputated tip can directly induce stalk cell 
formation in undifferentiated cells. 
Considering haploid and isogenic diploid aggregates containing 
the same number of cells (N) and assuming that any error caused by the 
differences in packing haploid and diploid cells is negligible, the 
diploid aggregate has twice the volume of the haploid aggregate. It 
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is assumed that differentiation into stalk and basal disc cells 
involves a signal 'which is received by the cells within the aggregate 
[a slime mould aggregate is equivalent to a single morphogenetic field 
(see section 1.1 . 1 . 1)]. The signal is emitted by a fraction (x) of 
the cells in the aggregate and it is assumed that xis the same in 
both haploid and diploid aggregates. The fraction x could represent 
any number of cells from a very small percentage to the entire 
aggregate. Assuming that the genetic effects on morphogenesis are 
additive and in the haploid aggregate each of the signalling cells 
produces M signals, each signalling cell , in the diploid aggregate, 
produces 2M signals. If the haploid aggregate has a unit volume, the 
amount of signal produced per unit volume in haploid and diploid 
aggregates is the same and equals xNM . 
It has been argued that both haploid and diploid aggregates 
produce the same density of signal, yet it has been shown that 
patterning is different in haploid aria diploid fruiting bodies. This 
implies that the mechanism of · patterning has at least two components 
signal production and reception. On the basis of the argument 
presented in section 4 .4. 1.3 . 1, it is suggested that the signal to 
receiver stoicometry is important in cell patterning, and that the _ 
cell surface area could be a factor in determining the amount of 
signal received. 
If the surface area of a haploid cell equals s, in haploid and 
diploid aggregates containing N cells there is NS and 2213Ns total 
cell surface area in the haploid and diploid aggregates respectively. 
However , because the diploid aggregate is twice as large as the 
haploid aggregate, the haploid aggregate will have NS, whereas the 
-1/3 diploid aggregate will have 2 NS, total surface unit area per unit 
volume. 
4.4.1.3 Evidence for the involvement of 
the cell surface in morphogenesis 
4.4.1.3.1 Comparison of cell patterning 
in strains HU127 and DU310 
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Assuming that the surface area of the cell plays a limiting role 
in conveying information from the environment into the cell, the 
amount of signal received by the cell is proportional to the surface 
area of the cell. In section 4.4.1.1, it is argued that the diploid 
aggregate has less surface area per unit volume than the haploid 
aggregate. Therefore, per unit volume the diploid requires less 
signal to be satisfied. The "excess" signal in the diploid aggregate 
will cause more cells in the diploid aggregate to differentiate into 
-1/3 
stalk cells. As the diploid aggregate has 2 times the surface 
area per unit volume of the haploid aggregate (section 4.4.1.2), the 
diploid fruiting body ought to have 1/2 ...:i/3 = 2113 or 1. 26 times more 
stalk than the haploid fruiting body; i.e. stalk cell production would 
be inversely proportional to total cell surface area. This model also 
requires that the difference in the spore:stalk relationship is 
constant . As can be seen from Fig. 4.lA and Table 4.5, strain DU310 
has a constant increase in stalk to spore ratio of 1.29 times that of 
the haploid strain HU127. Therefore, the spore: stalk relationship i .n 
strains DU310 and HU127 suggests that the area of the cell surface 
plays a limiting role in cell patterning. 
The hypothesis that the signalling in haploid and diploid 
aggregates is equivalent and that the reception of signal is dependent 
on the ·area of cell surface in each aggregate adequately explains the 
difference between the spore:stalk cell relationships in strains HU127 
and DU310. However, in order to fully·un~erstand the e f fect of change 
in ploidy level on cell patterning in strains HU127 and DU310, it is 
necessary to examine the differences in the stalk:basal disc cell and 
the spore:basal disc cell relationships in these strains. 
The stalk:basal disc cell ratio does not differ dramatically in 
strains HU127 and DU310 (Table 4.5). It is suggested in othe r parts 
of this thesis that the relationship between stalk and basal disc 
cells is different from the other differentiated c e ll relationships 
Table 4.5 
The increase in stalk cells to spores, basal disc cells 
to spores and basal disc cells to stalk cells in each isogenic 
diploid strain compared to its corresponding haploid strain 
DU310 
(haploid 
HU127) 
DP62 
(haploid 
NP73) 
DU162 
(haploid 
X22) 
Stalk cells 
compared to 
spores 
* 1.29 
* 1.52 
1.10 
Basal disc cells 
compared to 
spores 
* 1.33 
* 2.04 
1.90 
Basal disc cells 
compared to 
stalk cells 
1.02 
* 1.34 
1.74 
74 
The data from Table 4.4 has been recalculated to illustrate the 
differences between the cell patterning in the diploid compared to the 
haploid strain. The stal~/spore, basal disc/spore and basal disc/ 
stalk ratios of the diploid were divided by those of the haploid. 
* In these cases, the differences between haploid and diploid cell 
patterning are constant, i.e. a fruiting body of strain DU310 will 
have 1.29 times more stalk compared to spores than will a fruiting 
body of strain HU127 of the same total cell number. In the other 
instances not marked*, the differences between haploid and diploid 
are not constant and these values are only useful in illustrating the 
differences between haploid and diploid fruiting body populations. 
because: (1) it is less size dependent (section 2.4.3); (2) is 
unaffected by temperature differences (section 3.3.3.1); and (3) is 
less variable (section 3.3.4). It is likely that the stalk:basal disc 
cell relationship is controlled by a different mechanism from the 
other differentiated cell relationships. It appears that the stalk: 
basal disc cell relationship is basically conserved in the haploid 
HU127 and the diploid DU310. There is, however, a small size 
dependent difference in the stalk and basal disc cell relationships in 
these two strains (Fig. 4.lC, Table 4.3). 
In any system involving three interrelated parts, it is only 
necessary to specify any two relationships to define the whole system. 
Therefore, if the spore to stalk proportion is increased by a factor 
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of approximately 2113 in the diploid compared to the haploid fruiting 
body and the stalk to basal disc proportion remains virtually 
unchanged, it follows that the basal disc to spore ratio must increase 
· 1 21/ 3 . k h' h by a factor of approximate y . It is not nown w ic 
relationships are actively defined. However, the stalk:basal disc 
cell relationship is t he most closely correlated relationship (Tables 
3.1, 3.2, 3.3 and 4.3) and the p restalk region lies directly behind 
the tip [believed to be morphogenetically active (section 1.2.4.1)]. 
Therefore the stalk:disc and stalk:spore relationships are more likely 
to be actively controlled than is the spore:basal disc relationship. 
Examination of the cell patterning in the isogenic haploid and 
diploid strains , HU127 and DU310, suggests the following model of cell 
patterning in D. discoideum: (1) A signal emitted by the tip cells is : 
received in the aggregate; (2) Reception of the signal is a function 
of the total cell surface area per unit volume of the aggregate. If, 
as has been hypothesised by Wolpert -(1969), cells obtain information 
on their position from morphogenetic signals, ·this position must be 
estimated in units of cell surface area rather than volume or cell 
number. (3) The control of the stalk and basal disc cell relationship 
is different from the control of the stalk and spore relationship. 
(4) The production of morphogenetic signal is similar in haploid and 
diploid aggregates. This point is modified in the next section. 
4.4.1.3.2 Comparison of cell patterning 
in strains· NP73 and DP62 
In strains NP73 and DP62, the difference .in cell patterning 
between haploid and diploid is not the same as in strains HU127 and 
DU310 (Table 4.5). However, there are certain similarities. The 
difference in the relationship between spore and stalk cells in strain 
NP73 and DP62 is size invariant and equals 1.52 (Table 4.5) which 
. 2/3 1/3 1/3 1/3 
approximates 2 or 2 x2 . If it is assumed that 2 of the 
increased stalk proportion in the diploid DP62 is due to difference in 
the reception of the signal, as occurs in strain HU127 and DU310, an 
increase in the signalling capabilities of the diploid aggregate could 
explain the further increase of 2113 in the stalk: spore ratio in the 
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diploid DP62. Hence, point (4) in the model given in section 
4.4.1.3.1 may not be general. Alternatively, reception of signal may 
have a quadratic rather than a linear dependence on cell surface area 
per unit volume. 
The stalk:basal disc cell relationship is not similar in strains 
NP73 and DP62. This difference is size invariant and equals 1.34 
which is approximately 2113 . This implies that the stalk:basal disc 
re~ationship may be a function of the cell surface area per unit 
volume. 
4.4.1.3.3 Comparison of cell patterning 
in strains X22 and DU162 
Examination of the cell patterning in strains NP73 and DP62 (see 
previous section) suggests that the ~ffect on cell patterning of 
changing the ploidy level may be more complex than the model proposed 
in section 4.4.1.3.1, but still indicates that the area of the cell 
surface is important in defining cell patterning. Comparison of ce11· 
patterning in strains X22 and DU162 shows that the difference between 
the spore:stalk cell relationships in haploid and diploid strains need 
not be size invariant (Fig. 4.3A). However, the ratio of the 
regression coefficients of the spo~e and . stalk cell relationships 
(Table 4.3) in strains X22 and DU162 equals 1.56, i.e. approximately 
2213 (in the other isogenic haploid-diploid pairs, the ratio of the 
regression coefficients equals 1). This value suggests that the area 
of the cell surface per unit volume, · not cell number, is important in 
defining cell patterning in strains X22 and DU162. 
4.4.2 Conclusions 
McMahon (1974) suggests that cell patterning may be mediated by 
receptors on the cell surface (section 1.1.2.2). The results 
presented here suggest that the cell surface plays an important role 
in defining cell patterning. The model, suggested in section 
4.4.1.3.l on the basis of cell patterning in strains HU127 and DU310, 
has to be modified to fit the cell patterning in strains NP73 and 
DP62, and X22 and DU162. Perhaps an examination of the receptors on 
the cell surface, by such techniques as radioactive cAMP binding 
(Green and Newell, 1975), may explain why isogenic haploid-diploid 
pairs behave differently. For example, the density of receptors on 
the cell surface may not be a constant. The model given in section 
4.4.1.3.1 has the merit of providing a simple explanation for the 
effect of diploidisation on cell patterning in at least one isogenic 
haploid-diploid pair, and provides a firm basis for further 
theoretical and experimental examination of the effects of ploidy on 
cell patterning. 
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CHAPTER 5 
CELL PATTERNING IN POLYSPHONDYLIUM PALLIDUM 
"In the transformation and growth of all things, every 
bud and feature has its proper form. In all this we have 
their gradual maturing and decay, the constant flow of 
transformation and change" (Chang-tzu). 
5.1 INTRODUCTION 
As discussed in section 1.2, D. discoidewn and P. pallidum, 
although they have similar asexual life cycles, differ in the 
following respects: 
(i) The chemotactic signal of D. discoidewn is cAMP while 
P. pallidum is not attracted to cAMP (section 1.2.3.2). 
(ii) Aggregation in P. pallidum is initiated by a single cell 
known as a founder cell; such_ cells have not been discovered in 
D. discoideum (section 1.2.3.1). 
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(iii) The migratory stage of P. pallidum is stalked, while that 
of D. discoideum is not. 
(iv) The migratory stage of D. discoideum shows some division 
into prestalk, prespore and prebasal disc regions, while the 
migratory stage of P. pallidum shows no such division (section 
1.2.4.2). 
(v) The D. discoideum cell mass culminates in a unit, i.e. the 
whole aggregate undergoes final differentiation in a single step. 
This is not the case for P. pallidum (see section 1.2.5). 
(vi) The final form of the fruiting body is branched in 
P. pallidum (although unbranched fruiting bodies occur) and unbranched 
in D. discoideum . 
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In view of these differences between D. discoideum and 
P. pallidwn (particularly point (vi), which suggests that the control 
of P. pallidwn morphogenesis is more complex than that of 
D. discoidewn), it was decided to compare cell patterning in these 
species. 
5.2 METHODS 
5.2.1 P. pallidwn Strain 
Strain PP28S (obtained from Dr D. Francis) was chosen for this 
study because it can be grown satisfactorily on · sM agar (the standard 
growth media for D. discoi.dewn amoebae) , which is too rich for the 
majority of P. pallidwn strains. Also, strain PP28S differentiates in 
both dark and light, unlike other P. pallidwn strains which do not 
differentiate in the dark. 
5.2.2 Conditions of Growth and 
Harvesting of the Amoebae 
The amoebae of P. pallidum strain PP28S were grown and harvested 
as for D. discoidewn amoebae (sections 2.2.1.1, 2.2.1.2 and 2.2.1.3). 
5.2.3 Conditions qf Differentiation 
and Cell Number Estimations 
5.2.3.1 Preparation of standard water agar plates 
Standard water agar plates were prepared, using a Petrimat plate 
pourer, from autoclaved water agar - 1.5% (w/v) Difeo . agar containing 
250 mg of dihydrostreptomycin sulphate (Sigma) per litre . Be fore 
pouring, the agar was allowed ·to cool to 60 °C. A standard volume of 
agar (40 ml) was poured into each plate, which was l eft un s tacked f or 
4 hrs for the agar to solidify and then stored at 4 °C until u s ed. 
Standard water agar plates were discarded if they had been stored for 
more than 2 weeks at 4 °C. 
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5.2.3.2 Conditions of differentiation 
Four separate 20 µl drops each containing 3 x 10 5 PP28S amoebae 
suspended in SS (section 2.2.1.3) were placed on each standard water 
agar plate. In some experiments (see section 5.3.3) lower and higher 
numbers of amoebae (0.75 x10 5 , 1.5 x10 5 , 6.0 x10 5 , 12.0 x10 5 ) were 
used. Amoebae of strain PP28S were differentiated in either light or 
dark at 22. 0 ± 0. 5 °C. In some experiments, all manipulations 
including harvesting and depositing amoebae on water agar plates, were 
carried out in a dark room lit with an Ilford safe light. However, it 
was later found that exposure to light during harvesting did not 
affect the morphogenesis of PP28S amoebae, and therefore the 
precaution of harvesting the amoebae in darkness was deemed 
unnecessary. 
5.2.3.3 Spore and stalk cells 
counts in P. pallidwn 
An area of water agar, with fruiting bodies attached, was cut out 
with a scalpel and placed upside down on a microscope slide. The 
fruiting bodies were then examined with a Olympus CK inverted 
microscope. The number of stalk cells and spores on each branch, the 
number of stalk cells in the main stalk and the number of spores on 
top of the main stalk were counted directly. This procedure was 
relatively uncomplicated because the stalk in strain PP28S is usually 
only one cell thick and each spore head contains on average two 
hundred spores. The lengths of branches and main stalk were measured 
using a calibrated eyepiece. 
Appendix 2b. 
5.3 RESULTS 
5.3.1 Cell Patterning in PP28S 
Tables of cell numbers are given in 
In contrast to cell patterning in D. discoideum (section 2.3), 
the relationship between the total number of spore and stalk cells in 
strain PP28S appears to be linear (Fig. 5.1). Examination of 
residuals shows that a linear equation fits better than an exponential 
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Fig. 5.1: The relationship of spore ·to stalk cells on fruiting bodies 
of strain PP28S differentiated on standard water agar plates at 
22 °C. The main diagram shows the data obtained from branched 
fruiting bodies differentiated in the light (white squares) and in 
the dark (black circles). The inset shows the spore:stalk cell 
relationship in unbranched fruiting bodies differentiated in the 
light (white squares) and in the dark (black circles). 
equation, or an equation of the form of 2.1 (see section 2.3.1). Fig. 
5.1 shows the spore:stalk relationship in branched fruiting bodies 
differentiated in the light a~d the dark. The inset in Fig. 5.1 shows 
the relationship between spore and stalk cells in unbranched fruiting 
bodies differentiated in both light and dark. The spore:stalk 
relationship in each of these four categories of fruiting bodies was 
similar (Rao test for equality of regrE:ssion mean, 0. 10 > P > 0. 5) . 
Therefore, branched and unbranched fruiting bodies differentiated in 
the light and in the dark have statistically similar cell patterning 
(Table 5.la to d). 
Table 5.la, b, c and d gives the values of the Y intercepts, the 
regression coefficients, and the regression coefficients with the Y 
intercept equal to zero of the relationship between spore and stalk 
cells in fruiting bodies with a single . terminal spore head, fruiting 
.._ _ ~ 
Table 5.1 
The relationship between the number of spore and stalk cells of strain PP28S 
in different classes of fruiting bodies 
Differentiated 
in the dark at 
22°c 
Differentiated 
i n the light 
at 22°C 
( a) 
(b) 
( c) 
(d) 
N = a + b N 
sp st 
a b 
unbranched 1 
fruiting 5.S.3±8 .. 2 2.88 ± 0.14 
bodies 
branched 1 
fruiting l 7no6±1L.9 3.26 ± 0.40 
bodies 
all fruiting 99 ol ± 6.0 3 .. 42 ± 0.02 
bodies 1 , 2 
all fruiting · 37 • 8 ± 8.1 4 .. 83 ± 0.07 d . 2 bo ies 
p 
0.79 
0.94 
0.9=? 
0.93 
* Is "a" 
statistically 
near zero? 
Yes 
Yes 
Yes 
Yes 
N = c N 
sp st 
C 
3.76 ± 0.05 
3 o67 ± 0.03 
3 068 ± 0.02 
4.55 ± 0.03 
N = number of stalk cells; N = the nwnber of spore cells, and p = the correlation coefficient. s t sp 
stants a, band c (with standard error) are given o 
1 
= statistically equal (Rao test for equality of regression means). 
No o in 
sample 
17 
34 
51 
30 
The con-
2 
= statistically equal by Rao test if origin not included in the sample. If the origin is include d in the spore : 
s talk relationship of (c) and (d), the result is statistically different from (a) and (b). 
* I f the Y intercept "a" can be assumed to equal zero, the equation of the relationship passes through the origin. 
"a" equals z e ro with a probability in (a) of (0.40 > P > 0.20); in (b), (c), (d) of (P > 0 .. 50). 
co 
N 
I 
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bodies with a terminal spore head plus branches, all fruiting bodies 
differentiated in ~the dark and all fruiting bodies differentiated in 
the light. It will be noticed that the regression coefficient with 
the Y intercept equal to zero is different in fruiting bodies 
differentiated in the light and the dark (Table 5.la and d). When the 
Rao test is carried out on the data and the point (0,0), the 
relationship between stalk and spore in light and dark differentiated 
fruiting bodies is found to be significantly different (0.05 < P < 0.10). 
Therefore, the effect of light on the spore:stalk relationship in 
strain PP28S is on the border of statistical significance. 
5.3.2 The Cell Patterning of Branches 
and Unbranched Fruiting Bodies 
As shown in Fig. 5.2, Table 5.la and Table 5.2, the relationship 
between the number of spores and stalk cells in the branches of 
I 
branched fruiting bodies is not equivalent to that in small unbranched 
fruiting bodies, despite a similarity in size. Branches have, on 
average, fewer stalk cells than small unbranched fruiting bodies. 
Furthermore, the correlation coefficients in Table 5.1 compared to 
Table 5.2, indicate that cell patterning in branches is far less 
tightly correlated than in any class of whole fruiting bodies. In 
fact, the relationship between the number of spores and the number of 
stalk cells in branches may not be linear. Examination of residuals 
suggests that an equation of the form, 
N = a' + b' log N 
sp st ' 5.1 
fits the data better than a linear or exponential equation, and, by 
fitting the data to this type of equation, the estimate of a' is found 
to be statistically near zero (see Table 5.2). 
5.3.3 The Effect of Light on the 
Spacing of Fruiting Bodies 
Light has a marked effect on the number of aggregates and 
therefore the number of fruiting bodies produced per unit area (Fig. 
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Fig. 5.2: The relationship between spore and stalk cells in the 
branches of branched fruiting bodies (black circles) and of small 
unbranched fruiting bo.aies (white triangles) of strain PP28S. 
Differentiation took place on water agar .plates in the dark at 
22 °C . 
5.3). At each concentration of amoebae, the number of fruiting bodies 
differentiated in the light exceeds the number of fruiting bodies in 
the dark . In fact, at the highest density of amoebae, the number of 
fruiting bodies produced in the light was approximately three times 
the number produced in the dark (Fig . 5 . 3). Because so many fruiting 
bodies are formed in the light, they are smaller than those produced 
in the dark . Unbranched fruiting bodies predominate in cultures 
differentiated in the light, whereas in the dark they are a rarity. 
-Table 5.2 
The relationship between the number of spore and stalk cells of strain PP28S 
in the branches of branched fruiting bodies differentiated in the dark 
~ ~ r-i 
r-i ,-, 
,-, cu ('\, cu ('\, u 0 u 0 N = a+ b N ·r-l H N =a' +b' log Nst -IC ·r-l H N = c' log N sp st -IC +l (l) sp = +l ~ sp en N 
-
en cu ·r-l cu ·r-l 
st No. in 
sample a b p = +l H a' b' p = +l H c' cu cu cu cu U) +l (l) 
U) +l (l) H en ~ H en Q 
. 
Branches from 
fruiting bodies 
of category (b) 136.1 ±1.4 1.70 ±0.07 0.16 No 41.0 ± 4.1 103.2 ± 3.4 0.21 Yes 136. 3 ± 0. 5 
(Table 5. 1) 
Nsp = the nurnbe,r of spore cells; 
coefficient. a, b, a', b' and c' 
base 10. 
Nst = the number of stalk cells; 
(with standard error) are given. and pis the correlation Logarithms are given to the 
142 
* If the Y intercept can be assumed to equal zero, the equation of the relationship passes thro'ugh 
the origin. "a'" e quals zero with a probability of (0.10 > P > 0.5). 
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Fig. 5.3: The number of aggregates of 
strain PP28S formed per cm2 on water 
agar plates at 22 °C after 
differentiation in the light (black 
circles) and the dark (white squares) 
at different amoebal concentrations. 
The number of aggregates is equivalent 
to the number of fruiting bodies. 
5.3 . 4 A Correlation between Form and Patterning 
The length of the main stalk of branched P. paZZidwn fruiting 
bodies varies considerably. This stalk, although composed of a linear 
array of single cells for its entire length, has a variable diameter 
and is far thinner at the apex than at the base. Despite the 
variability in stalk diameter, the stalk length varies directly with 
the number of cells it contains (Fig. 5.4) and therefore this aspect 
of form is correlated to cell patterning (correlation coefficient 
equals 0.96). This correlation contrasts with the situation in 
D. discoidewn strain X22 in which stalk length is not linearly related 
to stalk cell number (section 2.3.2). 
5.3.5 The Relationship between the Number of 
Branches and the Total Cell Number 
In agreement with Harper (1932), the number of spore heads 
(equivalent to the number of branches plus one) per fruiting body 
increases directly in proportion with the total cell number (Fig. 5.5). 
Examination of the residuals from linear and exponential equations 
verifies that the data fits a linear relationship b e tter than an 
exponential one. Within 95% probability limits, the relationship 
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Fig. 5.4: The relationship between the 
number of stalk cells in the main 
stalk and the length of the main stalk 
in branched fruiting bodies of strain 
PP28S differentiated in the dark (black 
dots ) and in the light (white squares). 
Conditions as in Fig. 5.2. 
Fig. 5 .5: The number of branches 
(equivalent to the number of spore 
heads minus one) plotted against the 
total number of cells per fruiting 
body of strain PP28S. Differentiation 
conditions as in Fig. 5.2. 
.. _ 
between the number of spore heads and the total cell number passes 
-
through the origin, therefore the relationship can be expressed thus, 
N sh 4. 3 ( ± 0. 1) X 10 3 NT , 
where Nsh equals the number of spore heads and NT equals the total 
number of cells . The regression coefficient and its standard error is 
also given. The correlation coefficient is 0.94. 
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In fruiting bodies with one, two, three and four spore heads, the 
number of data points was too numerous to show each point individually, 
therefore the mean plus the standard error have been shown (Fig. 5.5). 
Analysis of variance of the total cell number of fruiting bodies with 
one, two and three spore heads shows that they are separate 
populations (P <0.01 or smaller), which means that, although there is 
some overlap in the cell number between each of the categories, for 
small fruiting bodies, the total number of cells in the fruiting body 
is a good determinant of the number of spore heads per fruiting body. 
5 . 3.6 The Relationship between the Number of Cells 
in the Main Stalk and the Total Cell Number 
Fig . 5 . 6 shows the variation in . the number of stalk cells in the 
main stalk against the total number of cells in fruiting bodies with 
branches. This relationship fits a linear equation (p = 0. 93) passing 
through the point (0 , 0) and is statistically the same in fruiting 
bodies differentiated in the light and in the dark (Rao test; 
. 
0. 75 > P > 0 . 50) . The relationship can be expressed thus, 
N Stm 0.14 (±0.01) NT, 
where NStm equals the number of cells in the main stalk, N equals the 
T . 
total number of cells in the fruiting body, and the regression 
coefficient is given with its standard error. 
5.3.7 The Size Range of .Branches 
As might be expected from section~ 5.3.5 and 5.3.6, which present 
results showing that the number of spore heads and the _number of cells 
in the main stalk are linearly related to the total cell numbe.r, the 
range of the number of cells {n each branch is limited. The number of 
cells (spores and stalk cells) per branch has a mean of 184 and a 
standard error of 7. However, the frequency distribution is not 
normal but negatively skewed as shown in Fig. 5.7. The extended tail 
of the frequency distribution suggests that there may be more than a 
single factor defining the number of cells in branches. The limited 
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Fig. 5.6: The number of stalk 
cells in the main stalk plotted 
against the total number of cells 
in each fruiting body of strain 
PP28S differentiated in the dark 
(black dots) and in the light (white 
Conditions as in Fig. 
~ O L_ __ __L..... __ ____L ___ .._ __ ~ 
squares). 
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Fig. 5.7: Frequency 
distribution of the number 
of cells per branch {n 
branched fruiting bodies of 
strain PP28S differentiated 
as in Fig. 5.2. 
size range of branches may explain why cell patterning in strain PP28S 
is size invariant. This will be discussed further in section 5.4.3. 
5.4 DISCUSSION 
Three main points arise from the experimental results. These are: 
(i) light affects aggregation and possibly affects cell 
patterning ; 
(ii) cell patterning in branched and unbranched fruiting bodies 
is statistically similar while that of individual branches is 
statistically different from that of entire . fruiting bodies; and 
(iii) cell patterning in strain PP28S is size invariant. 
Each of these will be discussed individually. 
5.4.1 The Effect of Light on 
Aggregation and Cell Patterning 
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In D. discoideum strain X22, fruiting bodies differentiated in 
the light have significantly more stalk .than , those differentiated in 
the dark (see section 3.3.2). The difference in cell patterning 
between fruiting bodies of s~rain PP28S differentiated in the light 
and in the dark is just on the border of statistical significance. 
However, if a difference between light and dark differentiated 
fruiting bodies does exist, it is qu~litatively similar to the 
difference in D. discoideum , i.e. more stalk cells are produced in the 
light. In contrast to D. discoideum, strain X22, aggregation in 
strain PP28S is significantly affected by light. The mean fruiting 
body size of strain X22 differentiated in light and dark is not 
significantly different (see legend to Table 3.1), whereas fruiting 
bodies of strain PP28S differentiated in the dark are larger than 
those differentiated in the light (see section 5.3.3). 
5.4.2 Cell Patterning in Branched 
and Unbranched Fruiting Bodies 
Certain properties of the P. pallidum grex, . such as the presence 
of prespore vacuoles in every cell, and the uniform staining of all 
the cells with periodic acid-Schiff reaction (section 1.2.4.2), 
suggest that the cells in the P. pallidum slug are not divided into 
prestalk and prespore regions until final differentiation. Further-
more, the division of the culminating P. pallidum fruiting body into 
rings of cells, which further subdivide· into branches, each with its 
own tip, suggests that nascent branches control their own cell 
patterning . However, despite the similarity in appearance and size, 
between branches and small unbranched fruiting bodies (Figs. 5.5 -and 
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5. 7) , their cell patterning is not the same (Table 5. la and Table 5. 2). 
Cell patterning in small unbranched fruiting ·bodies is linear and the 
number of spores is closely correlated to the number of stalk cells, 
whereas in branches, the number of spore cells is not closely 
correlated to the number of stalk cells and the cell patterning is 
possibly not linear. Yet, the cell patterning in branched fruiting 
bodies (which is the combined cell patterning of all the branches in 
the fruiting body, plus the main stalk and terminal sorus) is the same 
as cell patterning in unbranched fruiting bodies (Table 5.la and b). 
This implies that branches do not control their own cell patterning, 
but "remember" that they are part of a larger unit (see Chapter 7 for 
further discussion). 
5.4.3 Size Invariance of Cell 
Patterning in P. pallidwn 
In contrast to D. discoideum, cell patterning in P. pallidwn is 
constant in whole fruiting bodies and does not change as the total 
cell number changes (Table 5.1). This could suggest that the 
mechanism which controls cell pat.terr).ing in P. pallidwn is 
fundamentally different to that in D. discoideum. However, the 
commonly held belief that the mechanism of cell patterning is 
universal, is contradicted by such a conclusion and therefore it is 
more acceptable to assume that cell patterning in D. discoideum and 
P. pallidwn are particular cases of a more general patterning 
mechanism (see Chapter 7 for further discussion). 
CHAPTER 6 
THE CONTROL OF BRANCH AND WHORL 
FORMATION IN P. PALLIDUM 
"The yang having reached its climax retreats in favour 
of the yin; the yin having reached its climax retreats in 
favour of the yang" (Wang Ch 'ung). 
6.1 INTRODUCTION 
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In sections 5.4.2 and 5.4.3, it is suggested that the branched 
form of P. paZZidwn PP28S fruiting booy could be the major reason why 
cell patterning in PP28S is size invariant. Therefore, in order to 
understand patterning in PP28S, it is necessary to understand the 
control of branch formation. 
Fruiting body formation in P. paZZidwn can be divided into a 
number of stages in which the culminating cell mass must make 
"deci$ions". These are: 
(1) What is the size of the basal internode (i.e. that part of 
the stalk which extends to the first whorl from the substratum) and 
how is it related to total cell number? 
(2) What portion of the cell mass s·hould be left behind in each 
whorl and what is the relationship between the number of branches 
produced by each whorl and the number of cells in the whorl? · 
(3) How is the distance between whoris [termed the internode by 
Harper (1932)] controlled? 
Using data collected from the fruiting bodies differentiated in 
the dark and used to determine the spore : stalk relationship in section 
5 . 3 . 1, it was possible to detect certain features of the control of 
whorl and branch formation which could be used to suggest basic 
principles not only of the control of branching but also of the 
control of pattern. formation in strain PP28S . , 
6.2 METHODS 
The number of cells per whorl, per branch and in each internode 
of the main stalk, was determined by direct counting (see section 
5.2.3.3). 
6.3 RESULTS 
6.3.1 The Variation of the Number of Stalk Cells 
in the Basal Internode with Total Cell Number 
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The number of stalk cells in the basal internode (the par.t 
attached to the substratum and devoid of whorls) could be considered 
as an inverse measure of the "desire" to create the first whorl. As 
shown in Fig. 6.1, the number of stalk cells in the basal internode 
increases directly with the total cell number (spores and stalk cells) 
in fruiting bodies with one whorl. In fruiting bodies with more than 
one whorl, the number of cells in the basal internode appears to be 
approximately 150 cells, i.e. the maximum found for fruiting bodies 
with one whorl. This change, in the relationship between the number 
of cells in the basal internode and total cell number in fruiting 
bodies with one whorl and those with more than one whorl, might be 
expected because in the case of fruiting bodies with one whorl, the 
basal internode is the major component of the main stalk, whereas in 
fruiting bodies with more than one whorl it is not. 
6.3.2 The Relationship between the Number of Cells 
in the First Whorl and Total Cell Number 
At the site of the first whorl, the rising sorogen must control 
which of its cells will be left behind to form the first whorl, and 
which will continue rising to produce the remainder of the fruiting 
body. A plot of the number of cells left behind in the first whorl 
against the total cell number in the fruiting body is shown in Fig. 
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Fig. 6.1: The relationship between the number of cells in the basal 
internode (that portion of the main stalk which extends from the 
substratum to the first whorl) and the total number of cells in 
fruiting bodies of strain PP28S with one whorl (black circles) and 
those with more than one whorl (black triangles). Differentiation 
took place on water agar plates at 22. 0 ± O. 5 °C in the dark. 
6.2 . This relationship is not continuous, but tends to form clusters. 
These clusters have been termed group 1, group 2 and group 3. 
Group 1 consists entirely of fruiting bodies which formed only 
one whorl . The relationship between the number of cells left in the 
first whorl and the total cell number is probably linear (examination 
of residuals) and can be expressed thus, 
NWh = -168 . 8 (±7.6) +0.61 (±0.01) NT, 6.1 
where NWh equals the number of cells in the whorl, NT equals the total 
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Fig. 6.2: The relationship between the number of cells in the first 
whorl and the total number of cells per fruiting body. The data 
appears to form three groups. Group 1 consists entirely of 
fruiting bodies with only one whorl. Groups 2 and 3 consist of 
fruiting bodies with more than one whorl. The lines of regression 
are superimposed on the data from Group 1, Group 2 and Group 3. 
Differentiation conditions are given in the legend to Fig. 6.1. 
number of cells in the fruiting body, the Y intercept and the 
regression coefficient are given with their standard error. The 
correlation coefficient of this equation is 0.93. 
In the other two groups, the rate of increase of the number of 
cells left behind in the first whorl with total cell number is not as 
great as in group 1. As groups 2 and j consist of fruiting bodies 
with more than one whorl, presumably these sorogens conserve more of 
their cells to form other whorls. Group 2 and group 3 are mixtures of 
fruiting bodies with differing numbers of whorls. The relationship 
between the number of cells left behind in the first whorl and the 
total cell number in group 2 can be expressed thus, 
NWh = 220.0 (±22.2) +0.15 (±0.01) NT, 6.2 
where the symbols mean the same as in equation 6.1. The correlation 
coefficient for this equation is 0.96. In group 3, the relationship 
can be expressed as, 
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NWh = 747.1 (±18 . 9) +0 . 10 (±0.01) NT, 6.3 
where the symbols mean the same as in equation 6.1, and the 
correlation coefficient for the equation is 0 . 98. 
Equations 6 . 2 and 6.3 are statistically different (Rao test, 
P <0 . 01 ) . Therefore, in this isogenic population of fruiting bodies, 
differentiated under similar conditions, there appears to be two 
classes of fruiting bodies with more than one whorl. Group 3 fruiting 
bodies leave a larger proportion of their cell nwnbers behind in the 
first whorl than do fruiting bodies of group 2. However, in Fig. 6.2, 
the relationships between the cells in the first whorl and total cell 
number in group 2 and group 3 appear .to be parallel, and indeed the 
regression coefficients can be considered equal within 95% confidence 
limits (the regression coefficient with 95% confidence limits for 
equation 6. 2 equals O. 15 ± 0 . 04, and for equation 6. 3 equals 
0 . 10 ±0.03) . This implies that, although the proportion of cells left 
in the first whorl is different in groups 2 and 3, . the rate of change 
of the number of cell? left in the first whorl with total cell number 
is the same. 
6 . 3.3 The Number of Branches Produced per Whorl 
Once the whorl is produced, it further divides into a number of 
branches. The number of branches produced per whorl plotted against 
. 
the total number of cells per whorl is given in Fig. 6.3. The data 
from all whorls is illustrated - the largest fruiting bodies in the 
sample had five whorls. Essentially, the number of branches produced 
increases with the total number of cells in the whorl. However, there 
is some evidence of clustering in the number of cells which produced a 
certain number of branches. In particular, the set of whorls which 
produces three branches has a size distribution which appears to clump 
around the values of approximately 430 and 870, which indicates that 
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these whorls may be grouped into two classes. 
6.3.4 The Regulation of the Size of the Internodes 
The number of stalk cells in each internode, like the number of 
cells at the basal internode, can be considered an inverse measure of 
the "tendency" to produce a whorl. Unfortunately, data on the number 
of stalk cells in the internodes was collected from only eight 
fruiting bodies of two or more whorls. This data is given in Table 
6.1. From Table 6.1, it can be seen that the basal internode 
generally contains more . cells than any other section of the main stalk. 
However, in three fruiting bodies (2, 4 and 5; Table 6.1), the 
internode between the last whorl and the terminal sorus contains more 
cells than the basal internode. The number of stalk cells in each 
internode appears, in general, to decrease towards the centre of the 
main stalk, then increase again. Fruiting body 2 (Table 6.1) is a 
particularly symmetrical example. 
Table 6.1 
The number of stalk cells in the internodes 
in larger fruiting bodies of PP28S 
Fruiting Number of Total cell Number of cells between 
body whorls number each whorl 
1 5 4141 117, 80, 79, 53, 45, 78 
2 5 2234 75, 4 7, 29, 34, 51, 87 
3 4 2929 148, 75, 36, 41, 139 
4 4 2324 147, 52, 50, 42, 185 
5 4 3428 115, 70, 45, 43, 264 
6 3 1534 128, 36, 39, 41 
7 2 1459 97, 32, 50 
8 2 1750 74, 55, 43 
The last values in each row represent the interval between 
the final whorl and the terminal sorus. 
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Further evidence to suggest that the number of cells in each 
internode is not random can be found by taking the ratio of the number 
of cells in adjacent internodes, without respect to order (i.e. to 
produce a ratio greater than one). These ratios appear to be 
quantised and fit into 10 quantum levels, the lowest of which equals 
1 . 093 with a quantum level equal to 0.483 (see section 3.2.3 for 
method of estimating quantum levels). 
Fig . 6.4 shows the distribution of the ratios about the 
calculated quantum levels. Twenty five of the ratios are in close 
' proximity to a quantum level , and only three ratios appear to be 
outside this range . This result suggests that the number of cells in 
each internode influences the number of cells in the internode which 
follows and that the effect of the internode on its neighbour is 
quantised . 
6 . 3 . 5 The Proportion of Cells in the First Whorl as a 
Function of the Whorl 's Position on the Main Stalk 
Using data from fru iting bodies with one whorl, because the 
sample is fairly large (21 fruiting bodies) and because the single 
whorl divides the stalk into two regions, the percentage of cells in 
the first whorl was plotted against the whorl's position on the main 
stalk (estimated as the number of cells in the basal internode over 
total cells in the main stalk expressed as a percentage). The results 
are illustrated in Fig . 6 . 5 . The percentage of the cells in the first 
whorl varies inversely with the percentage of stalk cells in the basal 
internode. This means that if a whorl contains only a small 
percentage of the total cells, it i s likely to be situated near the 
top of the main stalk of the fruiting body and vice versa. 
This relationship, like those presented in sections 6.3.2, 6.3.3 
and 6.3 . 4 , appears to form into groups, in this case three, termed 
group 1, group 2 and group 3 (Fig. 6.5). The fruiting bodies in 
group 1 have only one branch per whorl and the relationship between 
the percentage of cells in the whorl and the whorl's position can be 
expressed thus, 
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Fig. 6.4: The frequency distribution of the ratio of the number of 
stalk cells in adjacent internodes about calculated quantum 
intervals , in fruiting bodies of strain PP28S differentiated as in 
Fig. 6 . 1 . These ratios tend to cluster around zero (i.e. a 
quantum level ). The quantum interval equals 0.483. 
N = 78 . 6(±3.3)-0.87(± 0 . 05) P, % % 6.4 
where N equals the. percentage of cells in the whorl·, P equals the % % 
number of stalk cells in the basal internode over the total number of 
cells in the main stalk expressed as a percentage. The Y intercept and 
the regression coefficient are given with their standard error. The 
correlation coefficient of equation 6 . 4 is 0.93. 
V) 
....J 
....J 
LU 
u 
....J 
<( 
t-
0 
t-
.............. 
....J 
~ 
0 
I 
~ 
z 
V) 
....J 
....J 
LU 
u 
~ 
70 
60 
50 
40 
30 
20 
10 
50 
\ . 
' 
' 
' 
-
D 
G P.3 
' 
6 
[I~ 0 rn 
' 60 
a. 
' 
' 
-
' 
6 6 
, 6 
' GP .2 
' 
' 
o, 
' 0 
' ' 
' 
0 
GP .l 
60 70 80 
<7o BASAL INTERN O DE/TOTAL MA IN STA LK 
101 
Fig . 6.5: The relationship between the percentage of cells in the 
first whorl , and the position of t9e whorl on the main stalk in 
fruiting bodies of strain PP28S with one whorl. The number of 
stalk cells in the basal internode over the total number of stalk 
cells in the main stalk was used as a measure of the whorl's 
position. The data tends to fall into clusters. Group 1 consists 
of fruiting bodies with one branch (white circles), whereas group 
2 consists of a mixture of fruiting bodies with one, two (white 
triangles) and three (white squares) branches. Group 3 consists 
of two fruiting bodies, one with two branches and the other with 
three . The solid lines represent the lines of regression for the 
relationship in groups 1 and 2. The broken line represents the 
regression line of the relationship in fruiting bodies in group 2 
with only one branch . 
The relationship in group 2, which is composed of a mixture of 
fruiting bodies w~th one, two and three branches per whorl, can be 
expressed as, 
N = 65.8 (±4.3) -0.36 (±0.06) P , % % 
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6.5 
where the symbols mean the same as in equation 6.4. The correlation 
coefficient of this equation is 0.49, which indicates that the 
relationship is not as tightly correlated as the same relationship in 
group 1. This may be due to the fact that group 2 is composed of a 
mixture of fruiting bodies. The relationship between the percentage 
of cells in the whorl and the position of the whorl in fruiting bodies 
in group 2 which have only one branch, can be expressed as, 
N = 102.8 (±15.0) -0.98 (±0.08) P , % % 6.6 
where the symbols mean the same as in 6.4. Equation 6.6 is 
represented in Fig. 6.5 as a broken line. The correlation coefficient 
for this equation is 0.92. Although this equation was derived from 
only three fruiting bodies, and thus is at the limits of statistical 
validity, the regression coeffiGient of equation 6.6 is, within 
standard error, equal to the regression coefficient of equation 6.4. 
Therefore these relationships represented py equation 6.6 and 
equations 6.4, are parallel. 
There appears to be a further cluster of fruiting bodies which 
have been labelled group 3 (Fig. 6.5). This group contains the data 
from only two fruiting bodies and therefore no regression analysis can 
be carried out on this group. 
6.4 DISCUSSION 
6.4.1 Pulsatory Signals and the Control 
of Cell Patterning in Strain PP28S 
The results presented in sections 6.3.2 to 6.3.5 indicate that 
certain fruiting body characteristics such as the proportion of cells 
in the first whorl, the nwnber of cells in a whorl producing three 
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branches, the relationship between the number of cells in adjacent 
internodes, and the relationship between the number of cells in the 
first whorl and the whorl's position in fruiting bodies with one whorl 
only, can assume different groups of values. These characteristics 
appear to be quantised, which means they can assume certain values, 
but not others. The results of sections 6.3.4 and 6.3.5 suggest that 
there may be more than two quantum levels. The fact that these 
quantised characteristics occur in a population of fruiting bodies 
differentiated under the same conditions, suggests that the mechanism 
which controls morphogenesis .in PP28S has pulsatory elements. 
CHAPTER 7 
CONCLUSION 
"Nature does nothing ... in vain and more is in vain 
when less will serve" (Isaac Newton). 
7.1 A COMPARISON OF CELL PATTERNING 
IND. DISCOIDEUM AND P. PALLIDUM 
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It is generally assumed by developmental biologists that the 
mechanism controlling cell patterning is universal. Therefore, the 
fact that cell patterning in D. discoidewn is size dependent (Chapters 
2 and 3), while that in the closely related P. pallidwn is size 
invariant (Chapter 5) is an anomaly. However, the spore:stalk 
relationship in the branches of branched P. pallidwn is probably not 
size invariant (section 5.3.2), whereas the relationship between the 
number of stalk and basal disc cells in D. discoidewn is virtually 
size invariant (section 2.4.3). Therefore, the mechanism controlling 
cell patterning in D. discoidewn and P. pallidwn may not be 
fundamentally different. 
It is suggested in section 6.4.1 that the mechanism controlling 
cell patterning in P. pallidwn strain PP28S, is at least partially 
pulsatory. This is suggested because certain aspects of fruiting body 
organisation are not continuous but are discrete. It is unlikely that 
a theory involving only gradients of morphogenet1c substances can 
explain this. 
The majority of the results presented in Chapters 2, 3 and 4, 
i.e. that cell patterning is not size invariant, that the variability 
of patterning depends on the proportion of stalk cells, and that the 
surface area of the individual cell is an important element in 
determining cell patterning, suggest that cell patterning in 
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D. discoidewn can be explained by either wave or gradient models. 
However, in strain AX3, the distribution of the numbers of basal disc 
cells is quantised, as is the distribution of the numbers of stalk 
cells in strain NP73 different~ated at 18 °C. These findings indicate 
that D. discoidewn may have pulsatory elements in its control 
mechanism. Yet, the distributions of the differentiated cell types in 
D. discoidewn are generally not quantised but continuous which 
suggests that the "side effects" of a pulsatory signal (i.e. a 
quantised stalk or basal disc cell number distribution) ar~ usually 
compensated for. 
Evidence for pulsatory control in D. discoidewn morphogenesis has 
been gathered from sources other than the examination of cell 
patterning. As discussed in section 1.2.3.3, the aggregation phase of 
D. discoidewn and P. pallidwn is apparently controlled by pulsating 
signals. Pulsatory movement occurs during aggregation (section 
1.2.3.2) and culmination (Durston, et al . 1976). During migration, the 
movement of the D. discoidewn slug is frequently not constant but 
occurs in a stepwise fashion. 
Strain AX3 and related strains are of particular interest with 
regard to migration. These strains,while migrating,leave behind 
clumps of cells at regular intervals. Frequently, these clumps of 
cells are capable of further development, and can form fruiting 
bodies. Other strains do not leave clumps of cells but migrate in an 
unusual zig zag fashion; the intervals between the zig zags are of an 
approximately uniform size (Stenhouse , unpublished). These findings 
indicate that pulsatory signals may · play a pa!t in control.ling morp ho.-
genesis in D. discoidewn. 
7.2 PULSATORY SIGNALS AND THE CONTROL OR CELL 
PATTERNING IND. DISCOIDEUM AND P. PALLIDUM 
The most comprehensive of the current wave theories of cell 
patterning is that of Goodwin and Cohen (1969). It is possible to 
explain certain features of the control of cell patterning in 
P. pallidwn using this theory. 
The wave theory of Goodwin and Cohen (1969) (section 1.1.2.1) 
hypothesises that at least two elements are required for positional 
information. These are: 
(i) an S wave or synchroniser; 
(ii) a P wave, where Pis an event occurring in every cell in 
the morphogenetic field. 
Pis initially slightly out of phase with S. The cells in the 
field can estimate their distance from S by the phase difference 
between Sand P. 
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A further periodic event is also hypothesised to explain size 
invariant patterning. This is termed an R event by Goodwin and Cohen 
(1969). This R event occurs when the phase difference between Sand P 
reaches a maximum and therefore its occurrence is dependent on Sand P. 
The R event has the effect of resetting the phase difference between S 
and P. 
Let us assume that an R event results in either whorl formation 
or the completion of fruiting body formation (i.e. the terminal sorus). 
As the sorogen rises, the difference between Sand Preaches a level 
which results in an R event. In small aggregates, this causes final 
differentiation of all the cells without whorl formation, whereas in 
larger cell aggregates, the first whorl is formed. The formation of 
the whorl, by dividing the aggregate, changes the phase difference 
between Sand P waves, both in the cells in the whorl and in the 
remainder of the cells. The degree of change will depend on the 
proportion of the total cell mass left in the whorl. If a high 
proportion of cells is left in the first whorl, it is likely that only 
one whorl will be formed. (In section 6.3.2, equation 6.1, which 
represents fruiting bodies with one whorl, has a far larger regression 
coefficient than the regression coefficients for equations 6.2 and 
6.3, which represent fruiting bodies with more than one whorl.) 
Cell patterning in the branches of the whorl is probably non-
linear (Table 5. 2) , which s ·uggests that R events (which are necessary 
for size invariance) do not occur in the branches of branched fruiting 
bodies. The variability of cell patterning in the branches compare d 
to that of unbranched fruiting bodies, despite their similarity in 
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size, can also be explained by assuming that a separate R event does 
not occur in branches. However, the influence of the R event on the 
phase difference of the Sand P waves in the branches results in the 
branches "remembering" they were part of a larger unit and therefore, 
despite the fact that the branches are physically isolated from the 
main cell mass, their cell patterning is influenced by the main cell 
body. Because Sand P waves in branched and unbranched fruiting 
bodies are the same, and the R event is dependent on Sand P waves, 
cell patterning in branched and unbranched fruiting bodies of 
P. paiiidwn is the same. 
Goodwin and Cohen's theory can also be applied to cell patterning 
in D. discoideum. The anterior and posterior of the developing field 
are importan-t in maintaining R waves ( section 1.1. 2 ~ 1) , which · have the 
postulated function of maint~ining. the size invariance of cell 
patterning. The anterior of the D. discoidewn aggregate forms the 
stalk, while the posterior forms the -basal disc (Raper, 1940). The 
posterior of the aggregate undergoes final differentiation early in 
culmination, but not before the diameter of the nascent stalk has been 
determined (section 1.2.5). Therefore, the virtual size invariance of 
the stalk :basal disc relationship in D. discoidewn could imply that R 
events occur while these cell types undergo final differentiation. On 
the vacuolisation and death of the cells forming the basal disc, it is 
assumed that R events cease, and therefore the spore:stalk and spore: 
basal disc relationships would not be size invariant. 
This discussion has offered an explanation of the size dependent 
and size independent aspects of cell patterning in D. discoidewn and 
P. paiiidum , based on a currently accepted theory of cell patterning. 
Yet, it is unlikely that this simple treatment fully explains cell 
patterning in these organisms. Although the quantised properties of 
D. discoideum and P. paiiidwn fruiting bodies described in sections 
3.3.1, 3.3.3 .2 and 6.3.3 cannot be explained by conventional gradient 
theories, it is possible that gradients as well as pulsatory signals 
control cell patterning and fruiting body formation in D. discoideum 
and P. pai iidwn. 
APPENDIX 1 
DERIVATION OF THE FORMULA FOR ESTIMATING STALK 
CELL NUMBERS AND EVALUATION OF THE ESTIMATION 
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The formula used to estimate the number of stalk cells in a 
fruiting body was, 
where 
and 
N 
tot 
= N top 
N = the total number of stalk cells, 
tot 
(1) 
N = the number of cells counted directly at the top of 
top 
the stalk, 
N /2 = the number of cells around half the stalk perimeter p 
between r
1 
and r
2
, 
r 1 and r 2 = the radius of the stalk at the point where direct 
counting of stalk cells was no longer possible, and 
bottom of the stalk respectively, 
c = the diameter of the average stalk ·cell. 
This formula has been derived as follows. The stalk, less the 
cells at the top, can be assumed to be a truncated cone. The volume 
of such a cone is, 
= l nh(r 2 =-r 2 ), 3 2 1 (2) 
where h = the height of the cone. 
The volume of the cells around the perimeter is given by 
= V -V 
tot C 
2 
= 3 nhc (r 2 - r 1 ) , 
where VP= the volume of stalk cells around the perimeter, 
V = the volume of the internal stalk cells. 
C 
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(3) 
Assuming the cell packing and size are the same on the outside of the 
stalk as on the inside, as light microscopic studies (Raper and 
Fennell, 1952) and electron microscopic studies (Watts and Treffry, 
1976) suggest, it can be written that, 
N p 
N 
tot 
= ( 4) 
Hence, using equations (2), (3) and (4), it is possible to derive 
equation (1). 
Three possible sources of error in using equation (1) are that 
the stalk may deviate from being a slender cone, that N /2 is not the p 
number of cells on half the surface area of the stalk and that c, the 
diameter of the cell, is not constant. Considering the first of these 
criticisms, the stalk appears to closely approximate a cone even at 
the top of the stalk which is only one cell thick. The idea of the 
stalk being a slender cone is held by many authors (Raper, 1935; 
Raper and Fennell, 1952; Bonner and Slifkin, 1949), and is verified 
by the fact that the radius half way down a stalk is half the sum of 
the radii at the top and bottom. Hence the assumption, that the stalk 
is a cone, appears to be justifiable and not a source of major error. 
The second assumption that is used in the derivation of the 
formula is that the cells counted around the visible surface of the 
stalk, N /2, are equal to half the total number of cells around the p 
stalk surface. It could be argued that as the stalk is pressed 
between slide and coverslip, an angle less than 180° is viewed. 
The percentage error this would cause can be calculated as 
follows. 
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If we consider a cross section of a stalk observed from the side 
and call the radius observed r, it - is related to the real radius, r, 
a 
thus, 
r r cos 8 , 
a 
when 8 is the angle between rand r. 
a 
The error made in calculating the volume, and hence the number of 
cells, varies with the area of the cross section of the stalk, 
Error = A-A 
a 
, 
where A the real area of the cross section, 
and A = the apparent area, 
a 
A 2 = 1Tr ' 
and 
A 
a 
1Tr2 
a 
Therefore the error = 1Tr2 - 1Tr2 cos 2 8 , 
1Tr2 sin 2 8 , 
and the percentage error nr
2 sin 2 8 
X 100% , 
sin 2 8 x 100% 
. 
If we substitute the value of 15°, a large deviation from 180°, we 
obtain a percentage error of 6.7%. This error would be a systematic 
error, and it would not matter when comparing cell patterning in 
different samples. 
Another possible source of error is that a value for average cell 
diameter appears in the equation. The cells do vary in size; however, 
some of this error is avoided by directly counting a proportion of the 
cells in the stalk. For example, in a stalk estimated to have 1011 
cells, 28 cells were counted at the top and 437 around the half 
perimeter. Therefore, almost half of the stalk cells were counted 
directly. 
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In this method of estimating stalk cell numbers, there is les s 
dependence on a cell property, such as dry weight or volume, be ing 
constant than in other methods. Moreover, the method has a distinct 
advantage over methods using dry weight estimations because data on 
spore, stalk cell and basal disc cell number can be obtained from 
individual fruiting bodies. Interrelated data from a single fruit i ng 
body is necessary to carry out simple statistical ' tests. 
APPENDIX 2a 
THE NUMBERS OF SPORE (N ) , STALK (N ) AND BASAL DISC CELLS 
sp st 
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241 
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110 
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Strain X22 differentiated at 22°C in the dark 
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Strain M28 differentiated at 22°c in the dark 
N X 10- 3 N Nd N X 10-
3 
Nst Nd sp st sp 
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4.6 1439 166 2.1 188 26 
6.8 527 74 7.1 851 52 
7.8 734 145 3.3 480 79 
4.3 188 34 5.8 1210 181 
2.7 283 32 5.4 
-
357 97 
5.1 351 44 2.8 431 50 
5o3 685 107 7.8 765 126 
9.6 1915 221 6.6 1176 134 
6.7 1224 160 2.8 945 136 
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3.6 855 103 1.6 135 25 
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2.0 296 47 5.4 379 89 
4.7 433 106 2.8 330 43 
1.1 148 2-6 4.4 434 53 
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6.1 688 137 4.6 461 82 
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1.6 324 44 2.5 311 50 
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0.6 
006 
006 
1.1 
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Strain AX3 differentiated in the dark at 22°C 
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1276 
1125 
1747 
1306 
2320 
2802 
1562 
1804 
1302 
2588 
885 
3113 
1142 
1420 
1300 
2442 
3019 
905 
1171 
239 0.6 
74 2.3 
262 2.5 
121 3.1 
149 3.2 
136 1.8 
272 2.4 
311 3.2 
135 5 a2 
226 4.7 
75 4.3 
272 3.3 
104 5.3 
262 3.0 
196 5.3 
130 4.6 
84 3.2 
273 3.5 
371 4.2 
212 2.3 
121 5.,0 
3 "6 
117 
472 81 
1639 76 
1026 85 
1738 158 
1314 124 
672 54 
870 69 
1638 150 
1245 171 
1260 196 
1088 198 
1151 84 
2285 213 
857 215 
1540 169 
2441 196 
596 62 
1235 150 
1823 287 
542 77 
1283 281 
1.647 160 
8.2 
4.0 
3.5 
5.3 
0.9 
6.1 
4.9 
4 o4 
7 o2 
7.5 
4.6 
7.5 
4.1 
3.7 
8 0 7 ' 
8.5 
4.1 
6.4 
4.8 
5.4 
4 06 
2 o4 
6 ,, 6 
6.1 
Strain X22 differentiated in the light at 22°C 
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375 
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467 
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1476 
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Strain X22 differentiated at 18°C in the dark 
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3708 
912 
1657 
6088 
2536 
1401 
3544 
618 
972 
467 
1235 
1488 
2059 
1499 
1561 
294 
508 
736 
545 
248 
550 
226 
339 
138 
493 
379 
190 
153 
724 
278 
386 
435 
189 
393 
122 
236 
231 
102 
91 
49 
8.9 2203 
4.4 523 
12.2 1543 
l o3 417 
9.7 1684 
5.3 1166 
6.7 1546 
7.2 2883 
9.3 2016 
7.4 1975 
10. 8 2606 
6 -. 4 1482 
4.1 975 
8.8 3880 
8.4 3803 
5.8 4615 
5.9 1387 
2.6 1302 
4.6 2677 
10 .. 2 3690 
l o7 240 
4.2 1929 
1 06 210 
3.8 1523 
9.1 1929 
0.4 389 
119 
414 
115 
478 
64 
405 
149 
124 
428 
185 
339 
532 
186 
133 
815 
459 
247 
281 
332 
441 
623 
60 
194 
80 
219 
167 
76 
N X 10- 3 
sp 
5.0 
3o2 
4o0 
4.2 
2.2 
2.9 
2.2 
4.6 
7.1 
3.3 
3.0 
2.7 
3.8 
3 .. 2 
1~7 
2.4 
2.6 
3 ., 2 
lo7 
2.4 
2 o0 
5 o0 
2.0 
4o0 
3.8 
Strain X22 differentiated at 26.5°C in the dark 
N 
st 
2817 
465 
1360 
1437 
604 
1693 
924 
1902 
1863 
500 
605 
509 
1342 
684 
239 
732 
1185 
385 
396 
487 
656 
782 
824 
1317 
685 
236 
103 
221 
372 
93 
179 
143 
154 
282 
60 
66 
94 
118 
135 
57 
125 
207 
57 
99 
77 
55 
88 
83 
149 
70 
5.0 
Sol 
3.6 
3.0 
3.9 
3. 9 . 
2.6 
3.4 
4.6 
2.5 
3.8 
4.5 
1.1 
2.8 
0.8 
5.1 
4.1 
4.0 
4.9 
406 
5o7 
6.2 
5.0 
5.6 
408 
N 
st 
1334 
3565 
535 
667 
673 
842 
919 
1325 
1836 
656 
1484 
1343 
441 
1062 
284 
693 
814 
850 
1032 
1440 
1060 
1152 
866 
955 
636 
120 
166 
389 
61 
66 
65 
58 
100 
127 
138 
119 
173 
217 
73 
110 
42 
70 
108 
113 
193 
185 
116 
125 
151 
157 
108 
121 
Strain NP73 differentiated in the dark at 18°C 
N X 10- 3 N Nd N X 10-
3 
Nst Nd sp st sp 
7.5 2057 220 5.4 2973 171 
llo9 4559 379 3.6 2107 144 
7.4 4774 341 4.5 2018 146 
3.2 882 138 2.3 2119 154 
11.1 3618 264 5.6 2267 196 
7.4 2160 274 3.3 566 132 
9.8 1615 88 4.5 2194 263 
2.8 526 63 8.0 3010 245 
800 1458 134 5.9 3563 282 
4.7 720 71 6.8 3304 241 
10.5 2818 172 4.7 2454 172 
9.3 1665 123 7.4 2827 258 
7.0 3384 145 1.4 351 32 
2.5 3300 83 6.7 2926 214 
5.4 1598 210 7.7 1904 100 
9.3 4581 445 4.1 1681 140 
3.3 546 80 4.1 2126 158 
7.0 1944 338 7.4 3698 162 
4.8 2656 . 206 5.9 3362 209 
9o0 4413 268 7 .. 9 2728 216 
I. 
2.1 
1.4 
lo7 
3.5 
3.1 
2.0 
2.9 
6.,0 
7 00 
I 4.5 
8.4 
3.9 
3.1 
4.9 
7.2 
3.7 
3.2 
2.7 
607 
6.4 
8.0 
3.7 
4.6 
5.,4 
3.3 
3.1 
3.4 
3.3 
8.4 
Strain NP73 differentiated at 22°C in the dark 
N 
st 
142 
287 
279 
208 
513 
289 
456 
1207 
1673 
991 
1755 
767 
926 
1609 
1670 
675 
618 
609 
991 
928 
2346 
1143 
1001 
976 
951 
815 
762 
722 
2674 
37 
36 
45 
58 
52 
32 
77 
126 
254 
123 
253 
175. 
214 
141 
286 
100 
136 
80 
170 
119 
233 
79 
126 
108 
75 
100 
80 
79 
278 
5.3 1139 
5.8 3210 
4.2 1008 
4 .. 4 1295 
6.5 2697 
1.1 471 
-3.7 751 
4.9 2435 
8.7 1562 
8.0 1271 
9.8 2602 
4.3 1017 
3.3 752 
8.5 739 
7.0 4161 
10.4 3181 
4.4 1778 
8.2 1074 
2.7 1892 
6.7 2463 
6.7 1265 
4.,6 1518 
8., 4 3910 
6.6 1852 
-
7.9 2772 
2.4 983 
605 1605 
6.5 2218 
8.4 2218 
122 
138 
297 
147 
162 
228 
54 
117 
141 
216 
196 
280 
196 
142 
214 
333 
555 
311 
146 
270 
393 
198 
288 
382 
198 
452 
174 
228 
254 
410 
123 
Strain NP73 differentiated at . 26 o5°C in the dark 
0.8 136 19 4.4 463 53 
0.5 92 20 3.9 741 136 
1.3 109 15 3.7 846 127 
2.8 133 27 4.7 742 154 
0. 7 116 20 2.4 605 95 
5. 8 ; 456 47 12.1 2516 533 
-
9.6 1453 174 7.5 1225 193 
4.7 741 73 10.6 1789 259 
2.6 674 130 7.4 1424 271 
. 7. 7 1417 157 7.1 19 78 2 70 
12. 7 2 724 410 7.2 1870 227 
6.6 1101 104 6.5 1094 155 
4.7 673 105 6.8 821 122 
6.6 1143 164 2. 8 434 68 
7.9 1261 147 5.8 705 90 
5.7 851 190 5.8 1326 139 
4.5 986 118 6.5 1323 157 
5.9 817 94 7.0 1138 216 
3.8 442 74 3.4 39 3 64 
5.3 9 39 129 3.5 79 3 114 
0. 7 372 43 7.1 1369 139 
2.5 537 57 8.5 885 19 7 
2.0 252 37 7.0 1372 186 
5.2 1110 126 10.8 2637 325 
5.0 962 137 11.4 3543 431 
4.1 413 43 8.4 2555 342 
4.0 666 97 17.7 4588 484 
N X 10- 3 
sp 
0.3 
3.4 
3.0 
5.8 
4.6 
2.7 
7.0 
l o4 
0.8 
5.8 
6.0 
4.8 
5.8 
3.7 
8.9 
3.8 
2.4 
2.9 
5.5 
l o5 
5.7 
2.7 
3.2 
6A7 
13.5 
12 .. 2 
15.9 
Straih NP73 differentiated at 27.5°C in the dark 
N . 
st 
144 
773 
1151 
833 
710 
580 
656 
533 
117 
688 
1538 
657 
950 
294 
1415 
331 
465 
245 
374 
390 
684 
315 
269 
475 
2087 
2000 
2694 
45 
150 
259 
130 
67 
37 
106 
39 
21 
71 
211 
100 
212 
34 
142 
39 
85 
69 
73 
66 
157 
72 
48 
54 
175 
204 
261 
17.4 3300 
15.,1 3876 
12 o2 2646 
9.6 2060 
13.0 4856 
10.3 1914 
10.i 595 
13.5 2008 
13 o0 1271 
7.6 1251 
14.5 2915 
5.7 1326 
6.6 970 
16.5 3988 
1006 1906 
12.5 2432 
18.3 3358 
12.0 1481 
9.9 1472 
6.3 286 
12o9 1863 
9o4 1679 
8.,0 998 
124 
431 
144 
243 
217 
412 
307 
195 
245 
247 
170 
393 
82 
116 
308 
129 
278 
336 
206 
174 
37 
249 
175 
80 
4.5 
2.4 
6.8 
5.5 
2.9 
5.0 
6.7 
4.8 
4.5 
11· 2.4 
6.6 
r 3.3 
6.0 
4.9 
5.6 
5.2 
4.4 
4.0 
3ol 
5o0 
5.4 
4 ol 
3.7 
4e0 
6.2 
Strain HU127 differentiated in' the dark at 22°C 
N 
st 
1432 
1290 
1475 
2260 
612 
644 
1177 
1158 
786 
868 
1472 
490 
2147 
1089 
1801 
3935 
2997 
1418 
910 
1719 
1073 
2454 
2190 
3890 
2229 
224 
196 
204 
308 
267 
286 
218 
221 
107 
86 
323 · 
89 
434 
126 
180 
319 
245 
262 
240 
276 
179 
371 
268 
462 
253 
2.7 897 
6.8 3413 
9 o7 3497 
2.2 1986 
6.7 928 
4.9 2187 
'6 .1 1392 
7.5 3122 
800 2031 
12. 4 6010 
4.4 2685 
3.4 1223 
5.5 1022 
1.8 823 
208 902 
4.0 1213 
3.0 999 
4.5 564 
4.1 665 
5.9 1328 
2 .. 5 1121 
3.,6 2413 
S. .. l 2151 
8.7 2175 
7.8 1946 
125 
112 
502 
767 
290 
299 
480 
303 
490 
408 
928 
250 
156 
179 
177 
146 
216 
146 
85 
252 
258 
203 
401 
322 
266 
279 
126 
Strain DU310 differentiated in the dark at 22°C 
N X 10- 3 Nst Nd N X 10-
3 N Nd sp sp st 
7.1 6968 972 3.7 2155 234 
3.8 1900 247 4.2 1345 176 
7.1 3021 460 2 o5 393 113 
4.8 1594 186 6.4 1051 288 
4.2 1476 251 4.3 2118 235 
3.4 844 277 2.6 769 211 
5.9 3471 433 2.4 1376 153 
6.4 3143 387 4.9 2322 336 
4o5 906 166 6.3 4775 510 
4.8 2342 342 2 .. 4 1289 331 
5.8 1823 314 3.7 1589 307 
4.4 1231 233 2.2 2892 386 
4.0 2234 237 2.0 941 189 
5.3 1731 . 516 4.7 1319 ·354 
3.1 817 152 4 o9 3146 683 
3o2 2172 242 1.0 504 142 
4.4 673 228 1.5 496 110 
1.3 1368 261 1.5 780 139 
6.,4 2482 220 3.1 1015 208 
605 2932 343 3.2 1327 188 
7o7 2224 298 7.8 2288 441 
3.4 2307 295 1 .. 3 542 85 
3.0 1391 260 1 .. 3 563 146 
3o4 1488 135 3.9 2115 237 
3.3 1990 238 3.5 2405 485 
7.6 
3.8 
7.5 
5.1 
3.3 
4.4 
2.9 
I 
4.4 
3e9 
2.2 
3.4 
7.8 
1.3 
3.0 
2.5 
4 .. 8 
3.2 
4.2 
2 ., 5 
2.9 
4 o5 
5 08 
2.3 
5.5 
7.0 
Strain DP62 differentiated at 22°C in the dark 
N 
st 
1397 
1236 
1770 
1138 
940 
2700 
452 
1964 
1448 
1453 
733 
3223 
714 
601 
1226 
2118 
1948 
1868 
1432 
1076 
1498 
2241 
852 
1394 
1533 
328 2.9 
306 2 o2 
299 4.8 
164 4.5 
293 4.5 
239 1.1 
109 2.0 
193 lo2 
258 0.4 
5.7 
289 0.7 
103 0.9 
329 2.4 
105 3 o7 
148 6.4 
272 7.5 
329 4.5 
309 7.3 
213 5.1 
199 4.4 
123 7.2 
188 7., 3 
308 7.6 
221 4.1 
237 2.1 
236 
127 
N 
st 
1451 
1365 
1905 
835 
3157 
381 
815 
917 
360 
1938 
340 
560 
1324 
930 
1908 
2897 
1861 
3635 
2474 
2188 
2912 
2231 
3801 
1836 
870 
208 
241 
275 
156 
411 
76 
98 
167 
73 
220 
122 
104 
202 
224 
386 
307 
274 
428 
518 
384 
588 
381 
519 
343 
276 
N 
sp 
X 10- 3 
3.8 
4.8 
4.8 
3.6 
6 .3 
6.3 
4.5 
2e8 
4 06 
5.9 
3.7 
3.2 
1.9 
3.1 
3.3 
3e5 
1.3 
6.9 
le5 
2o9 
• 4o 4 
Strain DU162 differentiated at 22°C in the dark 
N Nd N x 10- 3 
st sp 
468 129 1.0 
795 157 1.1 
484 140 2.5 
852 188 0.9 
1336" 231 2.3 
565 92 3.3 
618 113 4.6 
381 138 5.2 
1949 319 6.0 
954 202 4.5 
621 117 3.9 
623 89 4.0 
111 35 2.0 
218 44 1.0 
485 122 4.5 
494 82 3.7 
106 28 1.8 
1235 196 2.7 
220 86 5.7 
418 89 5.5 
348 101 5e7 
128 
276 74 
357 73 
306 115 
208 63 
431 61 
370 54 
505 86 
535 84 
768 137 
643 96 
409 80 
395 60 
247 73 
110 34 
832 143 
703 112 
175 34 
279 57 
6·27 113 
747 81 
746 145 
l: 
APPENDIX 2b 
(i) THE TaI'AL NUMBER OF SPORES (N ) AND STALK CELLS (N ) 
sp st 
IN UNBRANCHED FRUITING BODIES OF P. PALLIDUM STRAIN PP28S 
ESTIMATED BY THE METHOD OUTLINED IN SECTION 5.2.2.3 DIFFER-
ENTIATED IN THE DARK OR LIGHT 
differentiated in the dark 
N 
sp 
214 
332 
120 
225 
100 
275 
182 
196 
125 
167 
280 
N 
st 
55 
86 
45 
.55 
41 
65 
35 
56 
26 
34 
46 
differentiated in the light 
124 so 
384 77 
340 77 
153 68 
336 87 
233 63 
308 98 
317 67 
292 61 
216 54 
N 
sp 
297 
124 
241 
181 
270 
346 
249 
446 
280 
379 
394 
243 
279 
695 
N 
st 
105 
35 
71 
57 
54 
82 
58 
91 
69 
90 
71 
53 
60 
80 
129 
I· 
(ii) THE TarAL NUMBER OF SPORES (N ) AND STALK CELLS (N ) 
_ sp st 
IN BRANCHED FRUITING BODIES OF PP28S DIFFERENTIATED IN THE 
DARK OR LIGHT. ALSO GIVEN ARE THE NUMBER OF STALK CELLS TO 
THE FIRST INTERNODE, THE NUMBER OF BRANCHES IN EACH FRUITING 
BODY AND THE NUMBER OF WHORLS IN EACH FRUITING BODY 
130 
The fruiting body numbers in this Table (ii) represent the same 
fruiting bodies as in Table (iii), i.e. Table (ii) gives the 
total number of spores and stalks etc. of fruiting body number 
23. To find out the numbers of spores and stalk cells in each 
individual branch, look at fruiting body number 23 in Table (iii) 
differentiated in the dark 
Fruiting N N Number of stalk Number of Number of 
body sp st cells to 1st branches whorls 
number internode 
(see text) 
1 615 182 93 3 1 
2 565 123 63 2 1 
3 368, 99 38 1 · 1 
4 646 93 47 1 1 
5 406 89 41 1 1 
6 334 109 64 1 1 
7 478 107 58 1 1 
8 702 169 81 2 1 
9 583 114 61 2 1 
10 461 99 45 2 1 
11 363 72 38 1 1 
12 282 64 29 1 1 
13 353 81 5 3 · 1 1 
14 460 74 44 1 1 
15 627 275 154 3 1 
16 569 178 74 3 1 
17 767 112 56 1 1 
18 576 77 47 1 1 
19 1221 141 66 3 1 
20 657 128 80 1 1 
/Cont ••• 
I 
I· 
Fruiting 
body 
number 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
N 
sp 
703 
697 
865 
675 
866 
1186 
1504 
1188 
2497 
1680 
2583 
2346 
3400 
1724 
!'{st 
167 
154 
254 
190 
221 
276 
246 
346 
715 
644 
845 
583 
742 
510 
Number of stalk 
cells to 1st 
internode 
(see text) 
105 
99 
97 
74 
128 
147 
Ll.5 
148 
117 
75 
differentiated in the light 
35 434 139 76 
36 652 164 79 
37 537 131 80 
38 478 132 70 
39 486 89 53 
40 1287 282 157 
41 1355 237 123 
42 861 167 87 
43 725 156 107 
44 511 145 77 
45 706 156 86 
46 614 134 67 
Number of 
branches 
2 
2 
5 
4 
6 
6 
4 
7 
12 
11 
14 
10 
14 
13 
2 
2 
1 
1 
1 
3 
2 
2 
1 
1 
2 
1 
131 
Number of 
whorls 
1 
1 
2 
2 
2 
2 
2 
3 
4 
4 
-4 
4 
5 
5 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
(iii) THE NUMBERS OF SPORES AND STALK CELLS IN BRANCHES 
OF BRANCHED FRUITING BODIES OF STRAIN PP28S DIFFERENTIATED 
IN THE LIGHT OR DARK , 
The numbers of the fruiting bodies correspond to those in 
Table (ii). Each horizontal line represents the data from 
a single branch, i.e. fruiting body 23 has two whorls, the 
first whorl has three branches with 138 spores, 32 stalk 
cells; 219 spores, 25 stalk cells, and 60 spores, 9 stalk 
cells respectively; the second whorl has two branches with 
163 spores, 23 stalk cells and 53 spores, 10 stalk cells 
respectively o 
differentiated in the dark 
132 
Fruiting First Whorl Fruiting First Whorl 
body body 
number No. of No. of number No. of No. of 
spores stalk spores stalk 
cells cells 
1 96 24 13 47 9 
97 10 
120 13 14 75 11 
2 107 19 15 124 22 
128 14 77 16 
158 12 
3 69 14 
16 67 20 
4 296 15 82 14 
133 18 
5 143 10 
17 350 21 
6 56 16 
18 113 12 
7 122 15 
19 215 17 
8 150 12 172 13 
189 17 460 17 
9 179 15 20 242 15 
63 9 
21 161 16 
10 152 17 261 14 
80 13 
22 221 9 
11 115 11 
88 14 
12 84 15 
Fruiting 
body 
number 
23 
24 
25 
26 
27 
Fruiting 
body 
number 
28 
First Whorl 
No. of 
spores 
138 
219 
60 
150 
90 
122 
167 
117 
129 
195 
174 
99 
149 
472 
247 
No. of stalk 
cells 
32 
25 
9 
8 
16 
19 
12 
6 
20 
12 
14 
12 
9 
22 
26 
133 
Second Whorl 
No. of 
spores 
163 
53 
179 
91 
70 
93 
106 
90 
117 
279 
No. of stalk 
cells 
23 
10 
9 
10 
7 
12 
16 
19 
21 
17 
First Whorl Second Whorl Third Whorl 
No. of 
spores 
192 
195 
No. of 
stalk 
cells 
16 
14 
No. of 
spores 
108 
172 
No. of 
stalk 
cells 
15 
15 
No. of 
spores 
101 
115 
119 
No. of 
stalk 
cells 
13 
18 
21 
Fruiting 
body 
number 
29 
30 
31 
32 
First Whorl 
No . of 
spore s 
156 
281 
155 
134 
173 
190 
380 
253 
151 
244 
156 
315 
406 
----~- --- - - -
No . of 
stalk 
cells 
23 
28 
19 
16 
13 
.16 
31 
23 
15 
22 
9 
15 
18 
Second Whorl 
No . of 
spores 
29 
19 
20 
No . of 
stalk 
cells 
319 
134 
103 
32 173 
153 
177 
90 
106 
145 
183 
144 
164 
306 . 
245 
148 
156 
16 
17 
16 
15 
20 
19 
16 
17 
21 
16 
17 
12 
Third Whorl 
No. of 
spores 
254 
215 
249 
132 
125 
110 
151 
185 
121 
163 
134 
No . of 
stalk 
cells 
51 
40 
36 
12 
19 
17 
26 
22 
31 
14 
18 
Fourth Whorl 
No . of 
spores 
75 
193 
122 
199 
162 
86 
101 
No o of 
stalk 
cells 
29 
53 
16 
10 
25 
26 
45 
f-' 
w 
~ 
Fruiting 
body 
number 
33 
34 
--- ...;..r. 
~ - ..... ~ · -.---:--- :2,- "':'8. 
 
First Whorl 
No. of 
spores 
217 
239 
370 
144 
149 
206 
No. of stalk 
cells 
9 
18 
20 
9 
20 
12 
..,,,___ - -~ .:... _.T~--~ 
Second Whorl 
No o of 
spores 
360 
284 
231 
165 
174 
138 
121 
No. of stalk 
cells 
18 
24 
16 
12 
8 
10 
18 
Third Whorl 
No. of 
spores 
203 
243 
135 
158 
130 
105 
143 
No. of stalk 
celJs 
18 
20 
19 
15 
23 
8 
13 
,-_,;. 
Fourth Whorl 
No. of 
spores 
195 
291 
384 
108 
87 
No. of stalk 
cells 
22 
25 
16 
14 
14 
:.._----"!.~~ ~ 
Fifth Whorl 
No o of 
spores 
20 
24 
No" of stall 
cells 
50 
20 
I-' 
w 
u, 
· differentiated in the light 
. 
Fruiting body 
number 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
First whorl 
Number of 
spores 
61 
154 
133 
168 
188 
146 
114 
260 
17-5 
143 
350 
475 
166 
120 
88 
113 
145 
124 
188 
Number of 
stalk 
cells 
6 
12 
12 
20 
15 
22 
12 
11 
12 
14 
12 
50 
18 
19 
23 
36 
13 
24 
26 
136 
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